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PREFACE TO THIRD EDITION 


The first edition of this book was published in 1913 undei the 
title “Oveihead Electne Powei Transmission” Its suitabihty 
as a college text had not been seriously considered, but, owmg 
to its adoption m a large number of technical schools and colleges, 
ceitam changes and additions were made m the second edition 
with a -view to enhancmg its value as a college text without 
detiaetmg from its usefulness m the field of piactical engineer- 
mg The additions mcluded an entiie chapter treating of 
underground power conductors which led to a change m the title 
of the book 

In this third edition, the contents have not been appreciably 
altered, but the old matter has been rearranged and revised and, 
when additions have appeared desirable, it has generally been 
found possible to omit something of less importance m order 
that the size of the book might lemam practically unchanged 
The most important omissions are the sample specifications for 
pole and tover hnes which appealed as appendices in the second 
edition These have been ehminated m order to keep the size 
of the book withm reasonable limits, and also to be consistent 
m treatmg only of the fundamental principles and scientific 
laws which determine the correct design of power Imes, leaving 
the consideration of practical details of construction, main- 
tenance, operation, and similar subjects to the many excellent 
books now available which deal with these aspects of electncal 
power transmission 

Systems of distribution, whether m town or country, are not 
touched upon— the subjects dealt with cover only straight long- 
distance overhead transmission It is true that, when treatmg 
of hghtnmg protection, it is the machmery m the station buildmgs 
rather than the line itself that the various devices referred to are 
intended to protect, and, when considermg the most economical 
system of transmission under given circumstances, a thorough 
knowledge of the requirements and possibihties m the arrange- 
ment of generatmg and transforming stations is afeumed, but 
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these engineering aspects of a complete scheme of power develop- 
ment are not included in the scope of this book 

Alfred Still 

Purdue Uxiversiti, 

LaFayette, Indian 
Febmary, 1927 
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CHAPTER I 

TRANSMISSION LINE PROBLEMS 

1 Advantages of Electncal Transmission of Energy. — When a 
metaUic conductor of lesistance B ohms carnes an electric current 
of I amp , the rate at -which energy is dissipated m the form of 
heat MS PB -watts For a given distance of transmission, this loss 
may be i educed by making B small, i e , by using a conductor of 
large cross-section, but this -sviU ob-viously increase the weight 
and cost of the conductor, and a hmit is soon reached where the 
increased cost of the hne is of greater importance from the 
economic -view pomt than the cost of the energy losses If, on 
the other hand, the current I is reduced, the total amount of 
energy transmitted is also reduced unless the transmission voltage 
ts laised to offset the reduction of current 
Considei an eleetnc generator developing W watts at a pressure 
of E volts and transmitting energy a distance of L miles through a 
transmission hne of resistance B o hms per mile Let I be the 
amperes of current m the hne, then the hne losses are P{BL) 
watts, and the power dehvered at the distant or recei-ving end is 
W — P(BL) Suppose, now, that the generator is replaced by 
another machine gi-ving the same output of W watts, but at a 
pressure ten times as great, the current will then be and the 
hne losses yiooP^BL) It, therefore, follows that the mcreased 
voltage of transmission makes it possible to transmit the same 
amount of energy with the same hne losses one hundred times 
as far if the same size of conductor is used, or ten times as far if a 
conductor of one-tenth the oiigmal cross-section is used, the 
economical relation between current and size of conductor 
bemg a question to be discussed in a later chapter The facts 
that it IS possible to msulate transmission Imes for very high 
' voltages, and also that the a c transformer is an ideal de-vice for 
raising and lowenng the voltage at the sending and receiving ends 

1 



2 ELECTRIC POWER TRANSMISSION 

of a transmission line, account for the use of electricity in prefer- 
ence to all other agencies for the long-distance transmission of 
energy 

2. Reasons for Long-distance Transmission of Energy. — The 
sight of overhead electric power lines has become so common of 
late years that aie inclined to overlook the reasons for their 
presence In the early days of electricity, small power stations 
were placed as close as possible to the centers of population and 
used mamly m connection with electric hghtmg The a c 
transformei made it possible to utihze water power sites and 
transmit the energy of waterfalls to the centers of population, 
but the bigger developments in electric transmission originated 
with the mtroduction of the polyphase induction motor which 
greatly mcreased the demand for electric energy, not only for 
hghtmg purposes, but also for tiansformation into mechanical 
energy for manufacturing and other purposes 

With the increase of voltages and the correspondingly reduced 
losses m the transmission line, the distance of transmission 
mcreased, new water power sites became available and, more- 
over, it soon became evident that the small coal-burmng power 
station could not compete economically with the larger and more 
efficient power station erected where coal and water for condens- 
ing purposes were most easily obtained, and this notwithstanding 
the fact that the larger generating station has to reckon with the 
additional power losses m transmission and the cost of the neces- 
sary transmission hnes The large power station is available to 
supply the rural load due to the growing demand by outlying 
farms for hght and mechamcal power, and also to transmit large 
amounts of power over considerable distances for the electrifica- 
tion of railroads 

Considerable advantages are to be gained by the interconnec- 
tion, through high-tension hnes, of hydroelectric and steam- 
operated plants, and even of distant generating stations whether 
hydroelectnc or coal burmng These advantages are due not 
only to the possibihty of dividing the total load for the most 
economical operation of the machinery in the several stations, 
but also to the mcreased facihties for maintaimng continuity of 
service even in the event of a portion of the transmission system 
bemg temporarily interrupted 

Prom the successful operation since 1923 of the first 220,000- 
volt transmission Ime on the system of the Southern California 
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Edison Company, it is but a step to the so-called superpower net- 
work which, through interconnections between large power 
stations, may be expected, at no very distant date, to reach from 
the Pacific to the Atlantic coast 

3. Outline of Subject. — Energy can be transmitted electrically 
by conductors placed either above or below ground The cost 
of a system of underground insulated cables is always higher than 
that of an eqm valent overhead transmission, but there are 
conditions, especially m Europe, under which overhead wires 
are not desirable or permissible, and the whole or a portion of the 
transmission hne must then be placed underground 

An overhead electric power transmission hne, consisting as it 
does of wires stretched between insulators on poles or structures 
the mam purpose of which is to maintain the conductors at a 
proper distance above the ground level, may appear at first sight 
to be a very simple piece of engineering work It is mdeed true 
that the erection of an overhead hne of moderate length, capable 
of giving good service on a comparatively low-pressure system, 
does not present any insurmountable difficulties to a man of 
ordinary engmeenng abihty, but whether or not such a hne will 
be the best possible hne for the particular duty required of it 
depends very much upon the knowledge, skill, and experience of 
the designer By the best hne should be understood a hne 
which IS not only substantially and lastingly constructed, but m 
connection with which economic considerations have not been 
overlooked 

It IS an easy mattei to design a bridge of ample strength for the 
load it has to carry, or a transmission hne with conductors of so 
large a size, msulators with so large a factor of safety, and sup- 
ports so closely spaced and so strong, that the electrical losses will 
be small and the risk of mechamcal failure almost ml, but neither 
the bridge nor the tiansmission hne will reflect credit on the 
desigmng engmeer unless he has had before him constantly the 
commercial aspect of the work entrusted to him, and has so 
chosen or designed the various parts and combmed these m the 
completed whole, that all economic requirements are as nearly 
as possible fulfilled 

Efficiency of service, which mcludes reasonably good voltage 
regulation and freedom from mterruptions, must necessarily be 
merged into the all-important question of cost By duphcating 
an overhead transmission line and providing two separate pole 
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lines, piefeiably on diffeient and widely separated rights of way, 
insurance is provided against interruption of service over an 
extended penod of tune, but whether or not such duplicate lines 
shall be erected must be decided on purely economic grounds 
A knowledge of the country through which an oveihead trans- 
mission hne is to be carried is essential to the proper design of 
the hne and its supporting stiuctures Without a knowledge of 
the natural obstacles to be reckoned with, including the diiection 
and probable force of wind storms, and whether or not these 
may occur at times when the wires are coated with ice, the natuie 
of the supports and the economical length of span cannot prop- 
erly be determined On the Pacific coast, where theie is rarely, 
if e\er, an appreciable deposit of sleet on overhead conductois, 
it IS possible that the spacing of supports may generally be greatei 
than in countries where the chmatic conditions are less favorable 
At the same time, it has been observed, in districts where the 
winters are severe and sleet formation on conductors is of frequent 
occurrence, that the effects of storms in winter on wires heavily 
weighted with ice, and offering a largely increased surface to the 
wind, are less severe than in summer when much higher wind 
velocities are sometimes attamed These examples are here 
mentioned to emphasize the necessity for a thorough investiga- 
tion of local conditions before starting upon the detailed design 
of a proposed transmission hne 

Assuming that it is proposed to transmit energy electrically 
from a pomt where the power can be cheaply generated to an 
mdustnal or populous center where there is a demand for it, a 
straight hne drawn on the map between these two points will 
indicate the route which, with possibly slight deviations to avoid 
great differences m ground level, would require the smallest 
amount of conductor material and the fewest poles or suppoiting 
structures There may be natural obstacles to the construction 
of so straight a hne, as foi mstance lakes that cannot be spanned, 
or mountains that cannot be climbed, but even the shortest 
route which natural conditions would render possible is by no 
means necessarily the best one to adopt The right of way for 
the whole or part of the proposed hne may have to be purchased, 
and the cost will often depend upon the route selected By 
makmg a detour which will add to the length of the hne, it may 
be possible to avoid crossmg privately owned lands where a high 
annual payment may be demanded for the right to erect and 
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maintain poles or towers Again, by paralleling railroads or 
highways, the advantage of ease of access for construction and 
maintenance may outweigh the disadvantage of increased length 
A slightly circuitous route may take the transmission line near to 
towns or districts where a demand for power may be expected 
in the near future, and such possibihties should be taken mto 
account The engineer m charge of the preliminary survey work 
(a section of transmission line engineering which is not dealt with 
in this book) should bear all such points in mind and compare the 
possibilities of alternative routes On a long and necessarily 
costly tiansmission hne, it is rarely possible to spend too much 
time and thought on the prehmmary work Money so spent is 
usually well spent, and will result m ultimate economies 

Apart from capital investment and power efficiency, a factor 
of the gieatest importance, almost without exception, is efficiency 
and contmmty of ser\TLce Electrical troubles may be due to 
faulty insulation, or they may have their origin m lightmng or 
in switching operations causmg high-frequency oscillations and 
abnormally high voltages, leading to fracture of insulators or 
breakdown of machinery Troubles are more likely to be due to 
mechamcal defects or mechamcal injuries sometimes difficult to 
foresee and guard against Trees may fall across the hne, land- 
shdes may occur and overturn supports, or severe floods may wash 
away pole foundations, and agamst such possibilities the engmeei 
must, by the exercise of judgment and foresight, endeavor to 
protect his work Other causes of mechamcal failure are storms 
of exceptional violence, either with or without a heavy coating of 
ice on the conductors When strong winds blow across ice- 
coated wiies, the danger is not only that the wires themselves 
may break, but also that the resultmg horizontal loading of the 
poles or towers may be great enough to break or overturn them 
The preceding remarks all tend to the conclusion that the 
electncal calculations of a transmission line must be supplemented 
by calculations to determine the strength of the line considered 
as a mechamcal structure and, further, that the econoimc aspect 
of the problem must on no account be overlooked, but on the 
contrary be kept contmually m mind, which is merely stating, 
in connection with a particular kind of work, what is true of 
almost every engmeenng undertaking 
These three divisions of the subject, economic, mechamcal, and 
electncal, are somewhat arbitrary, smce each must actually take 
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account of the other two, but, so far as possible, they will be 
kept separate in the succeeding chapters What the designing 
engineer should bear in mind is that the electric transmission line 
is actually a mechamcal structure (whether above or below the 
ground) designed to transmit energy electrically from one place 
to another, that it must be designed for a certain maximum 
power vith (usually) a specified limit to the permissible voltage 
variation at the receiving end, and that it must perform these 
functions economically with the least possible risk of interruption 
to ^ntinuous service 

> 4 , Systems of Transmission. Lme Efficiency — Although the 
three-phase a c system is almost universally used for long-distance 
transmission, there are some instances of transmission by single- 
phase currents and also (in Europe) by continuous currents 
For transmitting power over very long distances the voltage will 
be high and the conductors must be carried overhead on tall 
towers The cost of an underground system would greatly 
exceed that of the overhead transmission, even if the cables 
could be insulated for such high voltages as would be necessary 
to keep the current and line losses within reasonable limits 
There is, however, a use for underground and submarine cables 
in connection with power transnussion for comparatively short 
distances if the voltage is not too high, this subject will be taken 
up in detail m Chap XIII 

The system adopted will affect the design of the generating 
plant and of the motors or other devices through which the 
electnc energy at the receiving end of the line is converted for 
industrial purposes or pubhc utihty, but, in this chapter, refer- 
ences to alternative systems will be made only for the purpose of 
comparmg them m the matter of lme efficiency 

The pnncipal cause of loss of power in a transmission line is the 
resistance of the conductors For a given section of conductor, 
the power dissipated m the form of heat in overcoming the ohmic 
resistance is proportional to the square of the current A definite 
amount of power can, therefore, be transmitted with less loss 
when the voltage is high than when it is low, but, on each particu- 
lar transmission, there is a limit to the pressure beyond which 
there is nothmg to be gamed m the matter of economy This 
linut is determmed by the cost of generating and transforming 
apparatus (which wiU be greater for the higher voltages), by the 
greater cost of insulators and of the hne supports — owing to the 



TRA^S^^ISSION LINE PROBLEMS 


7 


larger spacing required between wires — and also, when extra- 
high pressures are reached, by the fact that the power dissipated 
IS no longer confined to the PR losses in the conductors but occurs 
also in the form of leakage current over insulators and m the air 
surrounding the conductors For the present it is assumed 
that a total amount of power amountmg to W watts has to be 
transmitted over conductors of known resistance, and losses 
through leakage or corona will be considered negligible 
The efficiency of transmission is defined as 

Output at receiving end 
Input at sending end 

and if total losses m the hne, expressed m watts, the line 
efficiency is 

W 

W + w 


which (for accurate shde-rule calculations) may, with advantage, 
be wntten 


T] 


= 1 - 


w 

W + w 


( 1 ) 


where TT stands for the power actually delivered at the recei%nng 
end, expressed m watts 

6 . Transmission by Contmuous Currents. — ^Let E = voltage 
between outgomg and return wires at the receiving end of the 
line, then the power dehvered is TF — El, and if B resistance 
in ohms of one of the two conductors, the voltage at the sending 
end of the Ime must be E + I{2R), and the loss of power is w = 
P(2R) watts The hne efficiency, by formula (1), is 

P{2R) 

’ El + P{2R) 

or 

, 2IR 
’’ ^ E + 21 R 


Example 1 DC Tiansmisston — The demand at the end of 
a d c transmission hne 6,500 ft long is 54 kw at 600 volts The 
line losses must be withm 10 per cent of the dehvered power 
Calculate the size of wire required, the voltage at generating 
end, and the efficiency of transmission at full load 

5 4000 

The current in the hne is = 90 The permissible 

dUU 

line losses are 54 X 0 1 = 5 4 kw The hne resistance must not 
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exceed = 0 667 ohm, oi 0 3335 ohm per single conductor 

(90j " 

of length 6,500 ft The permissible resistance per mile is, 

therefore, 0 3335 X = 0 271 ohm Prom the wire table 

on page 81 the nearest standard size of conductor is found to be 
Xo 4/0 copper, with a resistance of 0 272 ohm per mile The line 

drop IS 90(0 272 X 2 X = 60 2 volts, whence the pressuic 

at sending end = 660 2 volts The efficiency of tiansmission is 

60 2 


77 = 1 — 


660 2 


- 0 909 


The fact that continuous currents are not extensively used for 
the transmission of power to a distance is due mainly to the 
difficulty of providing sufficiently high pressures to render such 
transmission economical, and also to the necessity for using rotary 
machines with commutators to convert the transmitted eneigy 
mto convement form at the distant end of the line The modern 
aspect of long-distance transmission by means of continuous 
currents will, however, be dealt with at some length m Chap 
XIL 

6, Transmission by Smgle -phase Altematmg Currents. — The 
advantage that alternating currents have over direct currents is 
in the ease with which pressure transformations can be effected 
by means of static converters On a constant-potential system, 
the distnbution of nower m scattered districts, at any voltage 
desired by the consumer, is a very simple matter 

In a single-phase two-wire transimssion, the conditions would 
be similar to those of a d c transimssion if not only the load, 
but the hne also, could be considered as being without inductance 
or electrostatic capacity The current and the line losses would 
then be the same as if the transimssion were by continuous instead 
of altematmg currents 

In practice the mductance must always be reckoned with where 
alternating currents are used, this mductance is not only that 
mtroduced by the load (usually consisting m large part of induc- 
tion motors), but is partly m the hne itself, owing to the loop 
formed by the outgomg and return conductors The chargmg 
current due to the capacity of the hne is of less account on low- 
voltage transmissions, but becomes of considerable importance 
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on long lines working at high pressures The effects of induc- 
tance and capacity will be explained later 

Another difference between a c and d c transmission is that an 
alternating current has the effect of apparently increasing the 
resistance of the conductor, this is due to the uneven distribution 
of the current over the cross-section of the conductor This 
phenomenon is known as the skin efect it is negligible in con- 
ductors of small diameters and at low frequencies In the case of 
large conductors, especially at the higher frequencies, it should be 
taken into account The manner in which this is done is 
explained in Chap IX 

7. Transmission by Two-phase Currents — If four separate 
wires are run from the sendmg station to the receiving station, 
the calculations are made as foi two independent single-phase 
circuits The fact that the currents in these 
two circmts have a phase difference between 
them of a quarter period, or 90 deg , sug- 
gests that two of the conductors might be 
combined into a single return conductor of 
a cross-section intermediate between that of 
a single conductor and that of the two con- 
ductors m parallel Assuming a balanced load, 
the current relations m such a three-wire two- 
phase system would be as shown m Fig 1, 
where the current Za m the common conductor is the vectorial 
sum of the currents h and J 2 It has been drawn equal but 
opposite to the dotted resultant OA because it is generally 
convement to assume the direction of all curreifts to be positive 
when flowing away from the source of supply, in which case the 
(vectoiial) sum of the currents in the three lines must be zero, or 

Zi + Z 2 + la = 0 

The current Z 3 in the common return conductor is seen to have 
a magmtude equal to y/2 times either of the two (equal) currents 
in the other wires, and this suggests a possible savmg of copper, 
but as a matter of fact the resistance of the common conductor 
has a disturbmg effect upon the phase relations of the two-phase 
system, and the few long-distance transmissions m operation on 
the two-phase system have four wires and do not use a common 
return conductor. 


Zx A 
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8. Transmission by Three-phase Currents. — If six separate 
conductors are run from generating to receiving station, as 
indicated in Fig 2, the transmission is equivalent to three 
independent smgle-phase two-wire circuits, and if is the poten- 
tial difference at the terminals of each circuit, and I the current 
in each wire, the total power transmitted will be 
W = 3(F„ X I) 


R 



Fig 2 — Three-phase transmission with sik wires 

the assumption being that the power factor of the load is unity 
and that the inductance and capacity of the line are of negligible 
amount 

The pressure lost m transmission will be 2R X /, and the total 
power lost in the three hues wiU be 3 X X 
Consider now the arrangement as in Pig 3, where the three 
circuits have a common terminal at each end of the transmission 



and three of the wires of the six-wire transmission are replaced 
by a common return conductor The pressure at the receiving 
end, between each of the three terminals and the common return, 
or neutral pomt, is still En volts, and the total power transmitted 
is stiU W = Z{En X I)j but, owing to the fact that the sum of 
the three outgoing currents is zero (since they differ in phase by 
120 time-degrees, as shown in Pig 4, and any one current, such 
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as OB, IS exactly equal and opposite to the resultant of the other 
two currents), there will be no current flowing in the common 
return conductor, which can, therefore, be omitted, and it follows 
that both pressure drop and PR losses in the lines are reduced 
to one-half of what they were with the arrangement of three 
separate circuits, the power loss in the lines being now ZPR 
This clearly shows how the transmission by three-phase currents 
is more economical as regards line losses than single-phase trans- 
mission But it must not be overlooked that, in order to obtain 
a reduction by half of the weight of copper in the hnes, the pres- 
sure between the wires is greater on a three-phase system than 
on a single-phase system transmitting the same amount of power 




Fig 4 — Vector diagram of currents Fig 5 — Vector diagram of e m f s in 

in three-phase transmission three-phase star-connected system 

Thus, the pressure V (Fig 3) between any two of the three 
transmission wires is the difference between two of the star volt- 
ages, as indicated in Fig 5 Here the e m fs in the three sections 
of the alternator windings are represented by the vectors OA, 
OB, and OC, and since the e m f V between any two terimnals, 
such as B and C (Fig 3), is the resultant of the e m fs acting 
in the two windings OB and OC connected in series, one of these 
(as OC) must be subtracted from the other {OB) Thus the 
resultant is the vector OF (Fig 5), obtained by adding to the 
vector OB an imaginary vector OC' exactly equal but opposite 
to OC This resultant is evidently equal and parallel to the Ime 
CB joimng the ends of the two vectors OB and OC, and since the 
angle C'OF is 30 deg , the length OF is equal to 20C cos 30 deg , 
or y/Z times the length of any one of the vectors representing 
e m fs between conductor and neutral point Thus, 

F = 1 732 F„ 

and since the resistance drop is the same in all three conductors, 
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a similai condition exists at the leceiving end of the line, and 
we may also mite 

E = 1 732En (2) 

The pouei of a three-phase eucuit, which is three times jB„ X I, 
can evidently also be written 

or 

W = VZEI (3) 

where E is the pressure between any two of the three wires ^ 

9. Line Losses on Any Polyphase System — Apart from all 
questions of voltage, or necessary insulation and spacing between 
adjacent conductors and between the conductors and the support- 
ing structures, the total PE losses will be the sum of the losses 
occurrmg m each conductor of the transmission system Each wii e 
may be considered as the outgoing conductor of a two- wire single- 
phase system in which the return wire has no resistance Thus, 
in a balanced three-phase system as illustrated in Fig 3, wherein 
the common return wire is not required (since it carries no cur- 
rent), the total losses in the transmission wires are 

3(J2 X R) 

But this may be written 

(37)^ X I 

which shows that the total losses can be calculated by adding 
the currents in the lespective conductors regardless of phase 
relations, and considenng this total current as being transmitted 
over a smgle wire of the same weight or cross-section as would be 
obtained by connecting the individual conductors in parallel 
This apphes to any polyphase system with wires of equal resist- 
ance carrymg equal amounts of current 
If I is the current per wire, n the number of wires (or phases), 
and En the “star” voltage or pressure measured between any one 
wire and neutral, the total power transmitted is 

W = EJ X n 

pro\uded the power factor is umty On the assumption of a 
balanced load, with the current lagging behind the voltage by 

^ The power factor (cos 6) does not appear in this formula because, owing 
to the a s sumed absence of inductance or capacity from both line and load, 
it IS equal to unity. 
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the same number of time-degiees on each phase of all the systems, 
no comphcation will arise if the power factor of the load is taken 
into account The total power transmitted in every case may, 
theiefore, be written 

W = E„I cos d X n (4) 

If B IS the resistance of each hne conductor, the total line loss 
foi any system will be 

w = I^R X n 

Still neglecting the inductance and capacity of the line itself, 
the percentage power lost tn ti ansmtssion is 

|xioo 

If the loss w be expressed in terms of the total power W, it 
wiU be found that this ratio can be put m an interesting form 
The symbol Rp will be used to denote the joint lesistance of all 
the conductors in paiallel, that is to say, 



The power lost is 

w = nPR 

= n^PRp (5) 

but for may be substituted its equivalent value 

"" EJP(cos BY 

obtained from foimula (4), whence formula (5) becomes 

^ En\cos ey 

which shows how, for any given amount of power transmitted 
at a given pressure, the PR loss is directly proportional to the 
joint resistance of aU the conductors and mversely proportional 
to the square of the power factor of the load 

By substituting this value of te? m the ratio for percentage PR 
loss, the latter quantity becomes 

Percentage power lost in any 1 _ WRp ^ 
balanced polyphase system J ~ cos^ B ^ ^ 

These formulas show very clearly the advantages of high power 
factor where economy of transmission is important 

10. Present-day Practices and Tendencies. — As already 
mentioned, the a c three-phase system with three conductors is 
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well established and likely to be used for longer distances of 
transmission and e'ven higher voltages than at present The 
wTxes are cairied on wood, steel, or concrete poles when the 
distances aie short, the conductors being tied to pin-type insula- 
tors mounted a few feet apart on cross-arms bolted to the sup- 
porting poles The average distance between poles for such 
medium- volt age hnes will range from 150 to 400 ft With the 
longer Imes and transmission pressures above 50,000 volts, the 
suspension type of insulator is used, and when the pressure 
reaches such values as 110,000 and 220,000 volts, very tall steel 
towers are necessary to support the wires a considerable distance 
above the ground The spacing between the towers is also very 
much greater than for the lower voltages, and the steel cross- 
aims from which the msulators are suspended must be carefully 
designed to withstand the stresses to which they may be sub- 
jected The span, or distance between towers, is much greater 
than on the pole hnes for lower voltages, the average number of 
towers to the mile being sometimes not more than five Very 
much longer spans are used in special cases, as for river crossings 
These mvolve problems for the mechamcal engineer which may 
be more difficult to solve than those relating to the insulation of 
the high-voltage conductors 

The rare mstances m which insulated cables have to be used on 
long-distance transmission schemes include sections where the 
electric energy has to be taken across water which cannot be 
spanned by overhead conductors There are examples of sub- 
marine power transmission in San Francisco where 12,000-volt j 
cables have been laid across the bay and 11,000-volt cables across ^ 
the Golden Gate 

11. Frequencies and Transnussion Pressures. — A frequency of 
125 cycles per second was common in connection with the earliei 
a c systems m America but this was later reduced to 60 cycles 
Unfortunately a frequency of 25 cycles was also used, mainly 
because the earher designs of s 3 nichronous converter operated 
better on the lower frequencies We, therefore, have two 
frequencies which have become more or less standard, namely 60 
and 25 cycles per second, but the latter is gradually givmg way to 
60 cycles, which is becommg the standard in America In Europe 
where the same confusion existed in the past owmg to the multi- 
phcity of frequencies, the recent tendency has been toward a 
single frequency of 50 cycles per second 
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In the matter of voltages theie has also been a lack of standardi- 
zation but the moie usual transmission voltages are given below 
It IS true that the simplicity of the a c transformer and the ease 
with which it can be adapted to transform from any one voltage 
to any other render the lack of standardization of voltages less 
objectionable than the adoption of many different frequencies 


Usu Ui Volt ices between Wires of Three-phase Transmission Systems 

2,200 (or 2,300) 

4,400 (or 4,600) 

6,600 (or 6,900) 

11,000 

13,200 (being twice 6,600) 

22,000 

33.000 

44.000 

66.000 

88,000 

110,000 

132 . 000 (being twice 66 , 000) 

220.000 

The star connection is usual on the high-tension side of the 
transformers connected to the Ime, and the neutral point is 
usually grounded at the sending end of the hne The chief 
arguments in favor of grounding the neutral are (1) that the 
difference of potential between any conductor and the supportmg 
structure or earth remains unaltered, and cannot become exces- 
sive in the event of the groundmg of a high-tension conductor, 
and (2) that it is possible to detect instantly, and disconnect by 
automatic devices or otherwise, any portion of the system that 
may become accidentally grounded. The chief objection is that 
under such conditions the grounding of any one conductor causes 
a short-circuit, and even if disconnected by the openmg of a 
switch, leads to an interruption of supply By inserting a 
resistance between the neutral and the ground connection, the 
curient through the fault can be limited to just so large an 
amount as may be necessary to operate an automatic device, or 
give an indication that there is a fault on the line In some 
recent installations a low resistance is inserted in the connection 
between the neutral point and ground, but there is no uniformity 
of practice m this respect 
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12. Substations and Tie Lines —Great progiess has been made 
in recent years in the construction of outdoor substations on 
high-voltage a c systems Large self-cooling transformei units 
are now being made for use out of doors, and switchgear, both 
of the oil-break and air-break type, is being designed to give 
satisfaction under the most severe weather conditions It is usual 
to house the low-tension switchgear, but the advantages of hav- 
ing high-voltage busbars, disconnecting switches, lightning 
arrest eis, and choke coils m the open, where ample clear- 
ances may be provided at comparatively small cost, are fully 
recognized 

Many outdoor substations have been erected and aie giving 
entire satisfaction These stations naturally cost less than the 
indoor substation requiring a large building to house the trans- 
formers and high-tension switchgear A reduction of at least 
20 per cent m cost may generally be realized Outdoor sub- 
stations appear to be essentially an American development 
very few are to be found m Europe, but this may be accounted 
for partly by the greater distances of transmission and higher 
voltages m America 

The design and equipment of substations on high-voltage 
transmission systems are beyond the scope of this book, but 
a few remarks concermng the high-tension lines connecting 
such stations together and with the main source of supply may 
not be out of place 

The transmission of energy between substations in a thickly 
populated area, or between small towns and villages served by 
a central power station, involves many questions which do not 
anse m connection with a straight long-distance transmission, the 
object of which is to convey energy from a place, such as a watei- 
fall, where power is cheap, to the centers of population, wheie 
there is a demand for it In the former case, the problems to be 
solved are generally similar to those of distributing systems in 
large cities, except that the pressures are much higher on account 
of the greater distances to be covered. In the latter case — that 
of straight long-distance transmission, with few, if any, branch con- 
nections between the generating station and the substation from 
which the energy is distributed at a lower pressure — the chief 
considerations are those mvolved in the choice of transmission 
voltage and a hne construction which shall combine economy 
with such safety factors and protective devices as may be neces- 
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sary to insure, so far as may be humanly possible, uninterrupted 
service 

When the system embodies a number of substations and two or 
more generating stations, the propei ariangement of the trans- 
mission lines becomes a matter invohnng very careful study on 
the part of the engmeer Energy- may be obtained at inter- 
mediate stations by tapping a radial line, ^ 6 , a direct hne con- 
necting the point of supply with the point of delivery, but tie hnes 
between two substations aie also of great value in permittmg 
equahzation of load on two or more radial hnes The accom- 
panying diagrams show three possible arrangements of hnes 
supplying energy from a single generating station Figure 6 



Figs 6, 7, and 8 — Tj-pical arrangements of substations and tie lines 

shows a tie line between two substations, the purpose of which is 
to control the loadmg of the two radial hnes and also to maintain 
supply in the event of a breakdown on one of the direct hnes 
Figures 7 and 8 show how a third substation C of relatively small 
capacity may be supphed with energy 
13. Synopsis of Succeeding Chapters — When plannmg either 
a new transmission hne or extensions to an existmg system, the 
engineer has many problems to solve befoie he can be sure that 
the proposed hne will fulfil, m the best and most economical 
manner, the purpose for which it is to be bmlt 
The question of economy is indeed a very important one, it will 
deterimne the choice of voltage, the size of conductoi to carry a 
particular current, and such questions as the length of span 
which, if ^hort, will require many msulators and supports, and, 
if long, fewer msulators but taller and more costly supportmg 
towers 

Havmg arrived at some general conclusions regarding the t 3 ?pe 
of hne, transmission voltage, and route to be followed, the 
mechamcal strength and stability of the hne should be carefully 
considered. These mechamcal problems include the strength 
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and durability of the conductors themselves and the supporting 
poles or toveiS; they must take into consideration the possible 
effects of stiong winds, sleet and ice deposits, and the effects of 
temperatuie changes on the sag of the wiies and the tension at 
the points of support 

The elect! ical problems include the very impoitant question of 
insulation for high voltages, the calculation of tiansmission 
losses, voltage regulation, and methods of voltage control The 
effects of the reactance and capacity of the lines themselves, 
when the transmission is by alternating currents, involve a 
consideiable amount of calculation when great accuiacy is 
lequired In connection with the higher pressures, it is also 
necessary to consider possible corona formation and calculate the 
additional line losses due to corona Finally, protection against 
interruption to seivice due to lightning and similar causes must 
also be classed among the problems with which the electrical 
engineer is particularly concerned 
These various matters will be taken up in succeeding chapters 
generally in the same order as here referred to They will be 
followed by a short chaptei dealing with the possibilities of long- 
distance transmission by continuous cui rents, and another devoted 
exclusively to the consideration of underground and submaime 
cables for high-voltage transmission It would seem, however, 
that before taking up the subject of transmission line economics, 
it would be advisable to devote a few pages to the consideiation 
and calculation of short lines operated at comparatively low 
voltages, m order that the reader who may not be familiar with 
the simpler problems involved in connection with such lines may 
be better prepared to solve the more difficult problems of electric 
transmission Chapter II will, therefore, deal briefly with the 
simple calculations of short, low-voltage overhead lines 
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CALCULATIONS FOR SHORT TRANSMISSION LINES 

14. Effect of Line Reactance on the Transnussion of Alternat- 
ing Currents.— When the transmission of energy is by alternating 
currents in parallel wires of considerable length, the difference^ 
between the conditions at the sending and receiving ends of the 
line wiU depend not only upon the resistance of the transmissicSi 
circmt, but also on its reactance and electiostatic capacity 
The effects of capacity, being neghgible on short Imes, will not 
be considered here, but it is evident that two or more metallic 
conductors, < separated by a dielectric (air), may form condensers 
of considerable capacity when the wires run parallel for many 
miles, and the charging oi condenser current may be of consider- 
able magmtude when the alteinatmg pressure between conduc- 
tois IS high The effect of hne leactance cannot be overlooked 
even on short lines, and it is proposed to explain bnefly how this 
reactance affects the regulation oi pressure drop of a c trans- 
mission hnes 

On account of the necessary space between the wires, the loops 
formed between outgoing and return conductors are of consider- 
able area on a long-distance tiansmission, and the changing flux 
of mduction m these loops will generate counter e m fs m the 
conductors, which may be of considerable importance, especially 
in regard to their effect on the voltage regulation Whether 
dealing with single-phase oi pol 3 ^hase transmissions, it will be 
found convement to make calculations on single conductors 
only Thus, instead of considering the resistance of the com- 
plete circmt (which is not convement m the case of polyphase 
transmissions), the resistance of one conductor only or the 
resistance per mle of single conductor is considered, and the 
ohmic voltage drop calculated for that portion of the complete 
circmt only Similarly, m the matter of the counter e m f due 
to the self-induction of the hne, calculations are based, not on 
the total flux of induction in the loop or loops formed by outward- 
going and return wires, but on that portion of the total flux 

19 
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which IS included between the centei line of any one conductor 
and the yieutial plane oi line Thus the induced volts per single 
conductor, or pei mile of single conductoi, may be calculated, and 
the lesulting total voltage diop may be computed for each con- 
ductor independently of the others In the case of a single-phase 
two-wire transmission, the total loss of pressure is evidently just 
tw’ice the amount so ariived at foz a single conductor In a poly- 
phase transmission, due attention has to be paid to the phase 
relations between the cunents in the various conductors, but the 
same piinciple holds good, and calculations of any polyphase 
transmission can be made by considering each conductoi sepa- 
rately, as will be explained later 
The induced volts will be directly propoitional to the current 
and will depend on the diameter of the wire and its distance fiom 
the return conductors This will be again referred to in Chap 
IX, but for the piesent the induced pressure may be calculated by 
means of the formula 

“tit 1 - X/ « X >■>*»(■ O P) 

where d and i stand, respectively, for the distance between 
outward and return (parallel) conductors and the radius or half 
diameter of the wire, these being expressed in the same units 
The frequency/ is expressed in cycles pei second, and the current 
7, m amperes In nearly all handbooks for the use of electrical 
engmeers, tables are pubhshed giving inductive pressure drop 
for different diameters and spacings of wires, the assumption 
bemg always, as m the case of formula (7), that the current 
variation is m accordance with the simple harmonic law (sine- 
wave) The special case of magnetic conductors such as iron oi 
steel will be referred to in Chap IX 
15 Fundamental Vector Diagram for A.C Transmission 
Lines Capacity Neglected — In the diagram Fig 9, the various 
quantities are represented as follows 

OA, or 7, IS the current vector 

OS, or Sn, IS the vector corresponding to the pressure 
(wire to neutral) at the receiving end 
d IS the time angle by which the current lags behind the 
pressure at the receiving end, cos 6 being the power 
factor of the load 
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BCf 01 IRj \vhich IS drawn parallel to OAj is the quan- 
tity I X Rj being the voltage component required at 
the geneiatmg end to compensate for ohmic drop of 
pressure in one conductor 

‘ CD, or IX, vhich is drawn at right angles to OA, is the 
quantity calculated by formula (7), being the voltage 
component requiied at the generating end to compen- 
sate for loss of pressuie due to the inductive reactance of 
one conductoi 



BD IS the sum of the vectors BC and CD, being the total 
additional voltage required at the geneiatmg end to 
compensate for the impedance of one conductor 
OD, or Vnj IS the vector corresponding to the pressure 
(wire to neutral) at the generator end of the hne, 
required to mamtam the pressure (D„) at the receiving 
end when the current in the conductor is I amperes 
<p is the time angle by which the current lags behmd the 
pressure at the generatmg end, cos <p being the power 
factor of the total load as measured at the generatmg 
end 

FD is the (arithmetical) difference between pressures at 
generatmg and receivmg ends of the conductor 
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100 X 


= 100 X 


The percentage loss of piessuie is, theiefoie, 

leng th FD 
length OF 
leng th FD 
length OB 

(the dotted circles being desciibed from the centei 0) 

All graphical solutions of pressuie regulation on short trans- 
mission lines aie based on this fundamental diagram Some of 
them gi\e results that aie theoietically collect, while in otheis 
certain assumptions are made to simplify the construction with- 
out mtioducing any appreciable eiroi in the solution of piactical 
problems 

Graphical and semi-giaphical methods of predetermimng the 
voltage legulation of tiansmission hnes are often convement, but, 
unless constantly used for the solution of actual problems, they 
are not likely to prove time savers, and for the puipose of this 
text, mathematical solutions by means of easily derived formulas 
would seem to be preferable 

The required trigonometucal functions and vector lelations arc 
readily obtained from Fig 9 In the first place, the functions 
of the angle <p are 

IX -f- En sin e 


sm ^ = 


cos (p = 


tan <p = 


Vn 

IR + En COS 6 
Vn 

IX + E„ sin d 
IB + En cos d 


( 9 ) 

( 10 ) 


From formula (9) it is seen that the required voltage 
generating end is 

_ IR + En cos 6 

Y n — 

cos 

and the volts reqmied to overcome ohmic resistance are 
IR = Vn cos ^ — En cos d 
The Ime efficiency is 

= 1 _ /i? 

En COS $ -f- IR 


at the 
( 11 ) 
( 12 ) 
(13) 


As an example of the use of these formulas, assume, m the 
first place, that the mafenal, size, and spacing of conductors is 
known, also, m all cases, the power factor of the load (cos 6), and, 
therefore, the other trigonometncal functions of the angle 6, 
such as sin Under these conditions, the quantities IB and IX 
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can readily be calculated, and formula (10) can be used to obtain 
tan <pj thence the angle and cos <p (the powei factor at the 
generating end) Then, by formula (11), the required voltage 
(7n) at the generatmg end is easily obtained 

Assume, in the second place, that the size of the conduc- 
tois has to be detei mined The spacmg of conductors and the 
frequency being known, the induced volts IX can be calculated 
approximately by estimating the value of 7 for use in formula 
(7) The more correct estimate of the size of conductor will be 
based on the lequired legulatioii, oi total voltage drop The 
voltage at the generating end is, theiefore, 

Vn — En + allowable voltage drop per conductor 

Now, since IR is not defimtely known, foimula (8) will have to 
be used. This gives the value of sm (p with a sufficient degree of 
accuracy even if qmte an appreciable error has been made in 
estimatmg the size of conductoi for the purpose of calculating 
the inductive drop IX Having determined the angle <p, the 
function cos (p can be obtained from trigonometrical tables, and 
then, by using formula (12), the ohmic drop can be calculated. 
Thus the proper size of wire for use undei given conditions may 
be determined 

If the power loss m the hne is the determinmg quantity, regaid- 
less of the voltage regulation, then, since this loss depends only 
on the voltage IR (the current I bemg assumed constant), the 
resistance and size of conductor are readily ascertamed, and the 
unknown quantities may be calculated as m the case first 
considered 

16. Examples of Short-lme Calculations. Example 2 — A 
single-phase hne 6 5 miles long consists of two No 6 B & S gage 
copper wires strung on msulators spaced 30 in apart The Ime 
operates at 4,600 volts, 60 cycles, and dehvers 30 kv-a at 80 
per cent power factor, the load being concentrated at the receiv- 
ing end of the hne Required the voltage and power factor at 
the sending end of the hne, and the hne efficiency 

The current in the wires is I = = 6 52 amp 

The voltage between wire and neutral is = 2,300 

The diameter of a No 6 wire (refer to table on p 81) is 0 162 
m , whence the radius of the cross-section is r = 0 081 m and, by 
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foimula (7j/ the inductive leactance per single conductor of 
length 6 5 miles isX = 6 5 X 0 00466 X 60 X log ^1 285^ 

= 4 86 ohms, vhence the leactive voltage drop per conductor is 
IX = 6 52 X 4 86 = 31 7 volts 
The lesistance pei mile of No 6 copper wire (see table on 
p 81) IS 2 14 ohms, whence the lesistance voltage diop per 
conductor is 

75 = 6 52 X 2 14 X 6 5 = 90 6 volts 


From tiigonometric tables^ we find that when cos 0 = 0 8, 
sin = 0 6, and we may use formula (10) to calculate the powei- 
factor angle at the sending end Thus 

317 + (2,300 X 0 6) _ 
tan ¥> - go 6 + (2,300 X 0 8) 

whence cos ^ = 0 807, which is the power factor at the sending 
end of the hne 

By formula (11), the voltage to neutral at the generating end is 
Fn = ^ ^ f " = 2,390 volts 


gi\"ing 4,780 volts between wires, which is 3 91 per cent higher 
than the receiving-end voltage 
By formula (13), the hne efficiency is 

^ 1 ^ ^ Q 953 

^ (2,300 X 0 8) + 90 6 

The loss of power due to wire resistance, expressed as a pci- 

90 6 


centage of the delivered powei, is 100 X 
Example 3 


:= 493 


(2,300 X 0 8) ■ 

“A smgle-phase load of 15 kw at 220 volts is 
required at the receiving end of a transmission line 700 ft long 
The frequency is 60, the power factor of the load is 0 8, and the 
spacing between the transmission wires is to be 2 ft What size 
of copper conductor should be used in order that the voltage 
regulation shall be within 7 per cent? 


^ A chart giving the reactance in ohms per mile of single conductoi will bo 
found on page 243 The handbooks for electrical engineers and other books 
publish tables givmg reactance values for frequencies of 60 and 25 cycles 
Very good tables of transmission hne reactances are mcluded m Dwight^s 
^‘Transmission Lone Formulas ” 

* A short table givmg the connection between the reactive factor (sin 6) 
snd the power factor (cos 0) will be found on p 28 
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The maximum peimissible difference ot voltage between sending 

220 X 7 

and receiving ends of line is — — = 15 4, oi 7 7 volts pei con- 
ductor The^*efore, the maximum perimssible value of the e m f 
between wire and neutral at the sending end is 
Vn = no + 7 7 = 117 7 volts 
The current in the line is 


W ^ 15,000 

E cos 9 220 X 0 8 


85 2 amp 


and if the loss of pressure were due to the resistance only, the 

7 7 

ohms of a single conductor would be = 0 0904, and the 

^ 0 0904 X 5,280 . , 

resistance pei mile would be TOO — “ ® 


Referring to the table on page 81, it is seen that No 1 wire would 
be large enough if there were no additional drop due to the react- 
ance of the transmission line It wiU be noticed that the current 
density in so small a wire as No 1 would be very high (1,300 amp. 
per square mch), and it is probable that a wue at least as large as 
No 00 will be required This size may be assumed for the 
purpose of estimatmg the IX drop, which is only shghtly affected 
by small changes m the diameter of the conductors With a 2-ft 
spacing. No 00 stranded cable has a reactance of 0 615 ohm per 
mile at 60 cycles per second, and smce the length of the hne is 

= 0 1325 mile, the reactive voltage drop per conductor is 

5,2o(J 

7Z = 85 2 X 0 615 X 0 1325 = 6 94 volts 


By formula (8), 

sin <p = 


6 94 + (110 X 0 6) 
117 7 


0 62 


whence cos ^ = 0 785, and by formula (12), IR = 85 2 R — 
(117 7 X 0 785) - (110 X 0 8), whence i? = 0 0505 ohm The 
conductor should, therefore, have a resistance not exceeding 

0 0505^X^5,280 __ Referring to the wire 


table, it will be seen that a No 000 conductor will be necessary, 
since the resistance of No 00 would produce a voltage regulation 
exceeding the specified limit The determination of the exact 
voltage drop using this size of wire can be made in the same 
manner as in woikmg out Example 2 
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piactical calculations on shoit lines, it is possible to use the 
approximate formula 

Vn == En + IR cos 9 + IX sin 9 (15a) 

which IS very convement for shde rule calculations 
Even if the angle i<j> - 9) is as laige as 7 dog , the erior in 
using foimula (loa) is within 1 per cent 

The accompanying table gives the relation between the 
povei factor (cos 9) and the reactive factor (sin 9) for a limited 
number of values The column headed tan 9 gives the ratio 
sin 9 
cos 9 


Table GmxG Rel4.tion between Power Factor (Cos 6 ) and Reactive 
F4CTOR (Sin 6 ) 





CALCrLATlOXS FOE SHORT TRANSMISSIOX LIXES 29 


In Pig 11 the diagram has been diawn foi an inductive load 
Here there is a certain displacement of the current phases with 
reference to the e m f phases It will be noticed that the ver- 
tices of the e m f tnangle no longer he on the current hnes as in 
the piecedmg diagram The three current vectors still subtend 
the same angle of 120 deg with each other, but they have 
been moved bodily round (in the direction of retardation) through 
an angle 6 The total power is e\udently no longer equal to 
three times OA X Oa, but to 3 X OA' X Oa, where OA' is the 
projection of OA and Oa , and cos 9 is the powei factor of the three- 
phase load 



Fig 10 — Vector diagram for Fig 11 — Vector diagram for three-phase 
three-phase system on non-mduc- system on partly inductive load 

tive load 


It IS a Simple matter to complete this diagram by taking into 
account the effects of resistance and reactance of the hne, 
because when the calculations for resistance drop and induced 
volts are made per conductor as previously explamed, the construc- 
tion can be earned out for each phase exactly as explamed when 
descnbmg the fundamental diagram (Art 15) It is only 
necessary to bear m mind that OA and Oa, in Pig 11, cor- 
respond to OA and OB m Fig 9 When this construction 
has been carried out for each otthe three phases, there will be a 
new set of star vectors which, when their ends are jomed, will form 
a new e m f tnangle representing the necessary pressures at the 
generatmg end This is shown in Pig 12, where am and are 
the vectors representing the required e m f components to coun- 
teract the ohmic drop and reactive voltage, respectively, due to 
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the cuiient OA The same constiuction is supposed to be fol- 
lowed for the othei two phases, and the lesulting triangle dcf 
jiot only the magnitude of the potential diffeienccs 
between wires at the geneiating end, but also then phase iclations 
with the other quantities Thus the power factor at the generat- 
ing end is not cos 6, but cos <p, all as explained m connection with 
Fig 9 

It IS true that a symmetrical arrangement of conductors has 
been assumed, that is to say, the thiee conductors aie supposed 
to occupy the veitices of an equilateial tiiangle, in which case 
the magnetic flux due to the current in one of the wires will 



Fig 12 — ^^’’ector diagram for three-phase transmission (cxpacity current 

neglected) 

neither increase nor decrease the amount of induction through 
the loop formed by the other two wires, or, m other woids, the 
whole of the current in any one conductor may be considered as 
returmng at a distance from this conductor equal to the side of the 
equilateral triangle As a matter of fact, if the wires are arranged 
in any other practical manner, the effect of the induction due to 
any one wire on the loop formed by the other two wires is usually 
small, but it is always possible to substitute for the actual 
arrangement of the conductors an equivalent arrangement with the 
wires at the vertices of an equilateral triangle, so that the calcula- 
tions can still be made by considering each of the three conductors 
separately m relation to an imaginary neutral return conductor 
of zero impedance The required conection for unsymmetiical 
arrangements of conductors will be taken up m Chap IX 
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19. Three-phase Lines to Serve Rural Bistncts — Of late years 
there has been a very rapid development in elect iic Imes designed 
to provide hght and power for outljnng farms and other consumers 
at a considerable distance from the centers of population These 
rural hnes are usually three-phase and differ from the distribution 
systems in uiban districts mainly in the gi eater distances to be 
covered and the higher voltages necessaiy to cover these greater 
distances economically 

The most common pressures for these rural or farm hnes are 
6,600 volts, 11,000 volts, and as high as 13,200 volts when the 
distances are great Even if a pressure of 2,200 oi 2,300 volts 
would seem to be sufficient for immediate purposes, as when a 
small amount of power has to be transmitted a distance of only 
a few miles, it is best to msulate the lines for a higher voltage 
which IS almost certam to be required as the demand for power 
and the distance from the point of supply become greater The 
tendency today is toward higher pressures on rural hnes, with a 
view to future developments 

The conductois are usually spaced 30 in apart and are carried 
on pm-type insulators mounted on 30-ft wood poles Steel poles 
sometimes take the place of wood poles, especially when it is 
desired to use long spans with a view to reducing the number of 
poles and insulators The chief causes of mteriuption on rural 
hnes are insulator failures and the blowing of transformer fuses 
By lengthemng the average distance between poles, fewer insula- 
tors are required and the chances of failure thiough faulty insula- 
tion are reduced The earher lines constructed for this class of 
service usually consisted of No 6 soft-drawn coppei wire on 25-ft 
poles spaced 125 ft apait This close spacing of the poles offers 
no apparent advantage over longer spans with 30-ft and even 35- 
ft poles The average span on straight runs may then be as long 
as 250 ft , the wire being hard-diawn copper (not smaller than 
No 6 B & S gage) oi copper-clad steel, or occasionally steel- 
cored aluminum cable Shorter spans and guyed poles with 
double cioss-arms are used at the corners where there is a sharp 
change m the direction of the line 

A comparatively low transnussion pressure, such as 2,300 
volts, has the advantage that standard tiansformers are avail- 
able for outputs as low as 15 kv-a , whereas 11,000-volt and 
13,200-volt transformers are not usually built in smaller sizes than 
2 5 kv-a 
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A four-wiie three-phase system suitable for short-distance 
transmission is illustrated by Fig 13 This system gives a 
4,000-volt three-phase supply between the three terminals of the 
star connection, and also 2,300 volts for single-phase service 
between any one of the three phases and the fourth wire which 
returns to the neutral pomt of the system This point is usually 
grounded at the supply end of the line 

Example 5 Thiee-phase 6,600-voU Transmission — (a) What 
distance can 300 kw be transmitted by 60-cycle three-phase 
currents at 6,600 volts using No 4 copper wires, with a loss of 
power in the hnes not exceeding 30 kw when the power factor 
of the load is 92 per cent? (6) What pressure between wires is 



necessary at the sending end of the hne to maintain 6,600 volts 
at the receiving end under full-load conditions, the spacing 
between wires being 30 m ? 

Solution (a) — The total output is ^/ZEI cos =300,000 watts, 
wherem E = 6,600 and cos 6 = 0 92 Solving for the current, 
I = 30 9 amp If F = the resistance m ohms of one of the three 
conductors, the total hne losses are 3 (PR) = 30,000 watts, 
whence B = 10 46 ohms Referring to the wire table on page 
81, the ohms per mile of No 4 copper wire = 1 35, whence the 

maximum permissible length of the transnussion hne is = 

1 35 

8 miles (nearly) 

Solution (6) —Instead of usmg the formulas of Arts 15 and 
17, an approximate answer to this problem can be obtained by 
drawmg to scale the vector diagram of Fig 9 (p 21) In order 
to obtain F*, numencal values must be found for the angle 6, 
the voltage E„, the resistance drop IR, and the reactance drop 
IX 
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The angle 6 can be drawn without reference to trigonometric 
tables, as will be explained later 

The length OB is En == = 3,810 

"V 3 

The length BC is 7i? = 30 9 X 10 46 = 324 
The length CD (or the numerical value of IX) may be obtained 
as follows 

From the wire table on page 81, the diameter of No 4 wire 
= 0 204 in The spacing between wires being 30 m , the ratio 

iSs) ^ ^ ° 12 25.'rkiJ>perm.tsofthe«a«t- 

ance bemg obtained from the chart on page 243 Thus, at 100 
cycles, Z = 1 2 ohms per mile, and smce the frequency m the 



example is 60 cycles, the length CD of Fig 9 is IX = 30 9 X 
(0 6 X 1 2) X 8 - 178 

Figuie 14 IS the vector diagram of the voltages drawn to scale. 
The axis of reference is the ‘‘in-phase” component of the e mf 
at the receiving end, OG = En cos 6 = 3,500 At the pomt G 
erect the perpendicular GB on OG, and with a radius of length 
En — 3,810 descnbe the dotted arc with center at 0 This 
locates the pomt B Draw BC = 324 parallel to OG (this bemg 
the IR drop), and CD = 178 perpendicular to OG (this being the 
IX drop) The pressure between wire and neutral at the sending 
end of hne must, therefore, be Vn = OD, which scales 4,170 
volts, and the required pressure between wnres is Vs X 4,170 = 
7,230 volts 

From an inspection of Fig 14 it is seen that the pomt D falls 
very nearly on the prolongation of the vector OB (not drawn), 
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or, in othoi woicls, that th© pow6r-f actor anglo (p at th© sending 
©nd of th© line differs veiy little fiom the power-factor angle 
e at the load end of the hne The veiy simple approximate 
formula (15a) on page 28 will, therefore, yield an answer which 
\\ill be fully as accurate as the result obtained by scaling a length 
off the drawing Thus sin & = \/ X — (0 92)*^ — 0 392, and 
r, = 3,810 + (324 X 0 92) + (178 X 0 392) = 4,177 8, oi, say, 
4,178 volts instead of 4,170 volts obtained by scaling off the 
diagram 

20 The Problems of Long-distance High-voltage Trans- 
imssion — Befoie consideiing the economic aspects of electric 
power tiansmission, it may be well to discuss biiefly the pi ©sent 
practices and tendencies in the design of long-distance lines 
When large amounts of energy have to be transmitted over gieat 
distances, the cost of conductors and the losses in the line would 
be excessive unless very high transmission voltages were used 
It is possible to build today a single three-phase hne capable of 
transmitting 150,000 kw a distance of 250 miles with a piessuro 
of 220,000 volts between conductors An undertaking of this 
magmtude mvolves the study and solution of many problems, 
includmg those enumerated below 

1 Mechamcal problems, dealing mainly with the stiength of 
the conductors and msulators and supporting structures With 
the large size of conductors and long spans used on modern long- 
distance hues, the towers become very high and the tension at 
dead-endmg pomts very great Careful attention must be given 
to the design of towers and their foundations, but these problems 
are more easily solved than the design of insulators suitable for 
so high a working pressure as 220,000 volts and yet of sufficient 
strength to withstand the maximum possible tension in the con- 
ductors The mechamcal strength of suspension-type porcelain 
insulators has gradually increased, and umts are now available 
suitable for a workmg load of 6,000 lb 

2 Electrical problems, dealing with the adequate insulation of 
high-tension hnes, possibihties and effects of corona formation, 
reactance and electrostatic capacity of long hnes, regulation of 
voltage and power factor, and protective devices to mmimize the 
possibihty of service mterruption 

Strings of suspension-type insulators, consisting of 14 separate 
umts in senes, are used successfully on 220,000-volt hnes, but 
a wide spacing between wires is necessary, and this involves 
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great stresses on the supporting cioss-arms, requiring extra- 
strong and somewhat costly steel towers 

3 Economic problems, dealing with the most suitable material 
and size of conductor (i e , the selection of a conductor m which 
the losses have been determined on an economic basis), the proper 
voltage for an assumed amount of power and a given distance of 
transmission, the most economical distance between towers, and 
the question of duplication of lines or of carrying more than one 
circuit on the same tower line These problems are closely 
connected with the mechamcal and electrical features of trans- 
mission line design, and also with such considerations as dura- 
bihty, continuity of service, piotection from lightning and other 
possible causes of electrical distuibances 

In view of the development of the so-called supei power sys- 
tems and networks, no important new line should be planned 
without taking into account neighboring systems of trans- 
mission and the possibilities of ultimate interconnection Mam 
lines of the present day may become tie lines m the future, which 
may involve the maintenance of constant pi assure between wires, 
notwithstanding changes of load and even reversal of the flow of 
energy The use of synchronous machinery to control power 
factor and of special variable-ratio transformers to contiol the 
voltage must be considered in connection with modern tians- 
mission systems These various aspects of transmission line 
engineering will be taken up in the following chapters 



CHAPTER III 


ECONOMIC PRINCIPLES 

21. Introductoiy — In the construction of electrical plant and 
machinery, such as generators, transformers, and switching 
apparatus, the economic conditions are, as it were, automatically 
fulfilled, owing to the competition between manufacturers, each 
one of which is a specialist in his own particular line of business 
This competition, it should be observed, is not merely in the 
matter of factory cost or selhng pnce, but in factory cost plus 
efficiency and durability It is not necessarily the cheapest or 
the most costly manufactured article that wins in the long lun, 
but the one which is commeicially best suited to the needs of the 
user 

The cost per mile of a fimshed transmission hne, whethei by 
overhead or underground conductors, is not all-important It 
may frequently be said to be of importance only in so far as it 
influences the annual cost of the Ime, which annual cost is under- 
stood to mclude interest on the capital sum expended on the hne 
If a heavy section of copper is used for the conductors, the 
loss of energy m overcoming resistance will be less than with a 
hghter section, but the imtial cost will be greater There is only 
one particular size of conductor which is economically the right 
size for any given Ime operating under defimte conditions, and 
this is by no means easy to deternune, notwithstanding the 
apparent simphcity of what is usually referred to as Kelvin’s law 

When considenng any scheme of power transmission from a 
generatmg plant of hmited output, it is important to bear in 
mind that it does not pay to cover a distance greater than that 
withm which there is a reasonable prospect of supplying all the 
power available at the generatmg station The importance of 
this principle should be fairly obvious, yet there are instances 
which prove that it has been disregarded. 

On the other hand, where the energy available appears to be 
m excess of the probable demand within a reasonable radius 
from the generatmg station, the possibihties of subsequent 

36 
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requirements greatly exceeding the immediate demand must not 
be overlooked, and a transmission system on a large scale, 
designed to satisfy future conditions, may be desirable Each 
case must be studied separately, on account of the variable nature 
of the conditions in different locahties The easiest part of the 
problem is the designing of an economical transmission line, that 
is to say, a hne that will give the best return for capital invested, 
on the assumptions of a given amount of energy to be dehvered 
at a given point where a given pnce will be paid for it The real 
difficulty hes in estimating not only the immediate demand, but 
also the probable future demand and its rate of growth, in order 
that proper provision may be made to avoid unnecessary waste in 
remodelmg oi reconstructmg the ongmal transmission hne. 

As a general rule, it is certain that money spent on prehminary 
surveys and calculations before the work is actually started is well 
spent It IS a roistake to suppose that a transmission system 
of any magmtude can be erected economically and give good 
service unless as much engineermg knowledge and judgment 
enters mto its construction as mto the manufacture of the genera- 
tors and transformers 

It IS well to bear m mind that the mtroduction of automatic 
switches and similar devices designed to save labor and insure the 
rapid changing over of the load from a faulty section to a sound 
section on a duplicated transmission hne is likely to lead to 
unlooked-for troubles, and even the generous provision of 
hghtmng arresters, especially on the extra-high-tension hnes, is 
not always good pohcy Simphcity and the avoidance of 
unnecessary joints, rubbing contacts (as in switches or cutouts), 
fuses m the stations, and spark gaps or arresters along the hne 
should generally be aimed at, but there wiU always be exceptions 
to such rules 

22. Economy m Design — Smce the transmission system which 
is the cheapest m first cost is not necessarily the most econonucal, 
it may be well to consider briefly what is meant by the most 
economical transmission hne The cost of energy lost in trans- 
mission may be calculated approximately and expressed as a 
defimte annual expenditure of money if the amount of the energy 
losses and the cost of this energy are known The total amount 
of money spent on the hne itself, including (if required) the cost 
of the step-up and step-down transformers at the sending and the 
receiving ends, is either known or may be estimated without 
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much difficulty, and, m Older to compare this with the cost of the 
lost energy, it may also be put on an annual basis by making a 
proper allo'^ance for some or all of the following items 
a Interest on capital invested, 

h Depreciation, which is dependent upon the '"life'' of 
the plant and may include what is usually understood by 
'^obsolescence,” 
c Taxes, 
d Insuiance, 
e Maintenance 

Thus two distinct items of cost have to be accounted for (1) the 
yearly cost of the energy lost in transmission and (2) the yearly 
cost of the physical plant or propeity consisting of the lino itself 
and (usually) the step-up and step-down transformeis, and also 
such portions of the generating plant itself as may be considered 
necessary to supply the power losses in the line Assuming that 
the Ime is designed to perform its function efficiently, then it is 
obvious that the engineer’s task is accomplished when he has 
constructed a transmission hne for which the sum of the cost items 
(1) and (2) is a minimum 

The problem, of which the above is a general statement, 
cannot be solved by the simple substitution of numerical values 
m mathematical formulas, however imposing and woithy of 
respect these may appear That is because there aie too many 
variables and possible alternatives and indefinite quantities to be 
taken account of The pioblem is one requiring engmeeiing 
experience and judgment, and it is usually solved by making 
estimates for several alternative designs and selecting the one 
which conforms most nearly to the requirement of nummum total 
annual cost 

Among the many considerations affecting the design of an 
efficient and economical transmission hne may be mentioned 
the location of the hne, the choice of system of tiansmission, 
frequency, voltage, and type of construction, the most economical 
spacing of poles or towers, and the most economical material and 
cross-section of the conductors The question of duplication of 
circuits, either on the same pole hne, or on two-pole hnes running 
parallel on the same right of way, or, agam, on two lines following 
different routes, is largely an economical one Another matter of 
considerable importance is the control of power factor by varying 
the excitation of synchronous machinery connected to the system 
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This IS not to be decided entirely on the basis of annual cost, 
because of its relation to voltage regulation (to be explained m 
a later chapter), but, nevertheless, it should be noted that 
although improved powei factor mil reduce the PR losses (by 
reducing the current for a given power output), the cost of the 
synchronous condensers required to bung about this result may 
countei balance the saving in the cost of the energy losses 

23. Length of Span. — The choice of system and frequency need 
not be discussed here because the a c three-phase system has 
proved its superiority foi transnussion purposes, and 60 cycles 
is becoming the standard frequency in this country It is the 
frequency which is almost certain to be adopted by aU the so- 
called superpower networks of the near future, and all new hnes 
should, if possible, be planned for a frequency of 60 The 
possibilities of transmittmg by contmuous currents wiU be 
considered in a later chapter 

All long-distance transmission must necessarily be by overhead 
conductors because of the higher cost of underground cables and 
the difliculties of insulation for very high voltages The struc- 
tures for supportmg overhead conductois may be of wood, steel, 
or reinforced concrete The wood supports may consist of single 
poles spaced 120 to 300 ft apart, or they may be A or H frames 
built up of two poles smtably braced, and capable of supportmg 
longer spans The steel poles may be of simple tubular type, or 
may be built up of several tubes or angles with the necessary 
bracing The more common construction for high-pressure 
transmission lines consists of light-braced towers with wide 
rectangular bases, except where the “flexible’^ type of structure 
IS adopted These flexible towers are modeled generally on the 
A and H types of double wood-pole supports It is by no means 
an easy matter to decide upon the most smtable type of supportmg 
structure to be used on any particular transmission scheme In 
some cases a composite line includmg two or more types of 
support may be found advantageous Among the factors 
influencing the choice of the supporting structures may be 
mentioned the character of the country, the means and facihties 
of transport, chmatic conditions, the nature of the soil, and the 
scarcity or otherwise of smtable timber m the district through 
which the Ime will pass The type of supporting structure for 
overhead conductors, together with the height, strength, and cost 
of the individual pole or tower, will be dependent upon the span 
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01 distance bet'v\een the supports The deteimination of the 
average length of span is indeed a very important economic 
question The material of the conductor will, to some extent, 
influence the choice of span length, because alununum conductors 
will usually have a greater summer sag than copper conductors, 
and this necessitate higher supports to give the same clear- 
ance above ground at the lowest point of the span In considei- 
ing span length, the first cost of the individual support is not the 
only question which has to be taken into account, the cost of 
maintenance is almost equally impoitant The longer the span, 
the fewer will be the points of support, and if the line is well 
designed and constructed, there should be less trouble through 
faults at insulators On the other hand, the cost of repairs when 
the spans are long is generally considerably higher than on short- 
span hnes Again, where rent has to be paid for poles placed on 
pnvate property, it is generally the lent per pole apart from the 
size of pole which has to be considered, and this is another factor 
in the determination of the best length of span In level country, 
the economic span for high-voltage hnes is usually between 600 
and 800 ft The greater the tensile strength of the conductor, the 
longer will be the econonuc span Thus, where 600 ft might be 
the best span for alummum conductors, 800 ft would probably 
be best for copper, and even longer spans for steel-cored stranded 
aluminum conductors Average spans of 750 to 850 ft 
are not unusual on 110,000-volt transmission lines, and the 
tendency on high-voltage systems is to use conductors of high 
tensile strength on long spans, in order to reduce as far as possible 
the number of insulators Obviously, in hilly or undulating 
country, very much longer spans are permissible and, by careful 
planmng of the route and tower locations, considerable saving m 
cost may be effected by the use of long spans without increasing 
the height of the towers On short low- voltage lines, large spans 

may not prove to be economical It is sometimes advantageous 
to mcrease the number of supports m order that these may be so 
light m weight as to be easily handled and quickly erected The 
fact that repairs can be earned out more easily and at less cost 
on short-span hnes should not be overlooked when deciding 
upon the average span length 

The height of towers m level country depends upon (1) the 
minimum clearance between the lowest conductor and ground 
when the sag is greatest, (2) the voltage, since this has an effect 
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on the spacing of the conductors and also to some extent on the 
clearance above ground level, and (3) the maximum sag This 
last is deter nined by the length of span, the material and size of 
the conductois, the lange of temperatures, and chmatic condi- 
tions generally 

24 Cost of Transmission Line Supports — Formulas have been 
proposed for estimating the height and cost of steel poles and 
towers, but all such formulas must necessarily be confined to one 
particular type or design, and they are hkely to be used without 
due regard to their hmitations The weight and cost of the 
individual tower will depend upon the force tending to overturn 
the tower, and the height above ground, or leverage, at which this 
force acts A strong wind blowmg across the hne will exert 
pressure on the tower structure itself, and in addition to this 
there will be the pressure on the wires which will be transmitted 
to the tower at the points of attachment of the insulators Thus, 
the number and size of the conductors and the length of span are 
very important factors in determimng the tower design The 
longer spans involve a greater sag of the wires and, therefore, 
taller towers to give the same clearance above ground High 
voltage, with greater spacing between wires and (usually) 
greater clearance above ground, also requires taller towers and 
heavier cross-arm structures Given that, m all cases, the most 
economical span is adopted, it might be possible to evolve a 
formula giving approximate tower weights or costs m terms of the 
transnussion voltage, together with the number, material, and 
size of the conductors, but a formula of this type is usually of 
service only to the experienced engmeer who can mterpret it 
with judgment based on past experience As a rough guide to the 
necessary tower height, the following formula may be used 

H = 30 + 0 3 kv (16) 

where H is the distance m feet from the ground level to the top 
of the tower, and kv stands for the pressure between wires m 
kilovolts The weight of towers for two-circmt three-phase hnes 
operating at about 88,000 volts may be anythmg from 3,000 to 
6,000 lb , dependmg upon the diameter of the conductors and the 
length of span For rough prehmmary estimates, the cost of steel 
towers erected m position may be taken at about $8 per 100 lb 
^which includes 1 5 cts per pound for erection), while the latticed 
steel poles which can be handled and erected much in the same 
manner as wood poles would cost from 6 to 7 cts per pound erected 
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The cost of foundations for towers varies gieatly Foi fairly 
fii gTi steel towers mth wide square bases in soil not lequiiing the 
use of concrete, the cost of excavating, setting legs, and back- 
filling, not including the erection of the towers on the prepared 
foundations, will geneially be between *20 and $40, but, taking an 
a%'erage of all towers, including dead-ending and corner struc- 
tures, the allowance for foundations should be about one-sixth of 
the cost of the towers 

Cost of Wood Poles —The pnce of wood poles at the present 
time IS greatly in excess of what it was ten years ago It depends 
upon the kind and quahty of the wood For the purpose of 
prehminary estimates, the approximate prices of chestnut oi 
cedar poles are given below 


30 ft 

$12 

35 ft 

15 

40 ft 

18 

45 ft 

22 

soft 

26 

55 ft 

30 

60 ft 

34 


An amount varying from $6 to $15 should be allowed to cover 
unloading, haulmg to site, “framing,” digging holes, and erecting 



Line Pressure -Kilo-YoIt3 

Fia 15 — Approximate cost of line insulators 


Cost of Insulators — Makers’ catalogues and current price lists 
should he consulted when gettii^ out pre lim inary estimates, 
but the curve (Fig 15) gives approximate average pnces of insula- 
tors complete with pins or suspension hnks The prices aie pei 
insulator, or per string of suspension-type umts The suspen- 
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Sion type of insulator is almost umversally used for pressures 
above 50,000 volts, and even in many instances for lower voltages 

26 Total Cost of Transmission Lines —The approximate 
costs given in this chapter are not intended to take the place of 
manufacture! s’ catalogues and current quotations The cost of 
labor is a vanable quantity, but recent estimates and actual 
costs of fimshed woik may frequently be found in the techmcal 
journals It is pioposed to consider in this article the manner 
in which the most econonncal design of transmission line may 
be detei mined, the fact that conditions of transportation of mate- 
rials and the quality of laboi differ widely makes it impossible to 
give exact cost figures even for a limited period It would seem, 
howevei, that the following examples of pre limi nary estimate 
for a complete line may be useful as a basis on which simil ar 
estimates may be made 

Preliminary Estimate 1 

Wood-pole transmission line, 20 miles long, carr5ung one 
three-phase line Line pressure 22,000 volts Average span 
176 ft There is no grounded overhead guard wire, but two tele- 
phone wires are earned on the same set of poles An allowance 
of 20 per cent is made for extra insulators and fixtures to permit of 
doubling these on corner poles and in other selected positions 


Materials (Excluding Conductors), per Mile 

30 creosoted cedar poles, 35 ft long, 8 in in diameter at top $ 430 
36 cross-arms 3H by ^ by 4 ft long 25 

72 galvanized-iron braces, 1^4 by 34 by 28 m long 7 

The necessary galvanized screws, bolts, and washers 10 

1 , 200 ft galvanized seven-strand e-m guy wire 17 

10 anchoi rods with nuts and washers and the necessary timber 

for anchoi logs 25 

The necessary galvanized guy clamps with bolts and stand- 

aid thimbles for guy wne 4 

16 galvanized-iron hghtnmg conductois with bolts 5 

16 ground plates or galvanized-iron pipes 15 

Sundry materials, mcludmg allowance for breakages and 

contmgencies 25 

60 telephone-wire insulatois (glass) with brackets (wood) and 
5-m nails 

108 high-tension porcelam insulators 65 

72 galvanized-iron insulator pins 17 

36 special pole-top insulator pms with bolts 21 

Total material cost (excludmg conductors), per mile $ 676 
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L\bor Cost, per Mile 

Distributing materials along the Ime, tiimming poles, 
cutting gams, driUmg holes, setting cross-arms, digging 


holes and erectmg poles, including the necessaiy guying $ 200 

Fi\mg insulatois and stringing wiies, mcludmg telephone 
Ime 140 

Supen ision and sundry small Uboi itenis 40 

Loss and depieciation of tools 20 

Management and pielimmaiy engmeeimg woik 40 


Cost per mile for charges othei than matciials, excluding c ost 
of right of way, cleaimg light of way, and mtciest on 
capital mvested dunng construction pciiod $ 440 

Total cost per mile (mateiial and labor), excluding cost ol 
conductor material 1 1 , 1 16 

Conductors 

16,000 ft No 1 haid-diawn copper, 700 ft No 4 soft copper 
(foi ties), 10,800 ft No 10 copper (foi telephone ciicuit), 

4,550 lb at $20 pei 100 lb 910 


Total cost per mile of finished hnc, excluding cost of light of 
way $2,026 


Peeliminary Estimate 2 

Flexible-type steel-tower line, 60 miles long, with two sets 
of three-phase conductors Line pressuie 80,000 volts Average 
span 480 ft Spacmg between wires ft A Siemens-Martin 
steel cable, acting as grounded guard wire, joins the tops of all 
towers Insulators of the suspension type No telephone wires 
Cost of right of way not included in estimate 


Materials (Excluding CoNDUOTORb) 

10 flexible-type, galvamzed-steel, A-frame towers at 

$120 $1,200 
1 galvamzed-steel stram towei 220 

Concrete foundations where necessary 100 

5,600 ft Ke-m galvanized Siemens-Martm steel stiand 
cable for guard wire and head guys on half-mile 
flexible towers 220 

4 anchor rods, complete with clamps and thimbles foi 

guy wire 10 

90 sets of suspension-type msulators, mcludmg strain 
insulators and small allowance for breakages, 
complete with clamps 900 

Sundry small items or special material 50 


Total matenal cost per mile of luxe , $2 , 700 
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Labor 

Clearing 60 ft on each side of line at average cost of 
S25 per acre $ 363 

Distributing tovers and other materials along the 
line 90 

Foundations for tow ers 100 

Assembly of parts and erection of tow ers 180 

Fixmg insulators and strmgmg wires 150 

Supervision and sundry small labor items 60 

Allowance for loss and depreciation of tools 25 

Allowance for management and prehmmary en- 
gmeermg work 80 

Total charges other than materials, per mile 1 , 048 

Total cost per mile not mcludmg conductor material $3 , 748 

CONBUCTORS 

No 00, hard-drawn, stranded-copper conductors, special clamps, 
shields, sphcmg sleeves, etc , 13,350 lb at $20 per 1001b $2,670 

Total cost per mile of finished hne, not mcludmg right of way 

or mterest on capital mvested durmg construction $6,418 



20 40 60 80 100 120 140 160 

Pressure Ki'o-volts 

Fig 16 — Approximate cost of overhead transmission Imes 


The curves of Fig 16 are intended to supplement the figures 
of the typical estimates They give approximate costs of trans- 
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mission poles oi toweis, with insulatois fixed in position These 
costs are the averages of many actual figures, and give an approxi- 
mate idea of the total expendituie pei nule of line for vanous 
voltages, they do not include any dealing that may be necessaiy 
in wooded country, or payments for right of way It is assumed 
that the conductors are of average size (No 000 B & S gage), 
but the actual cost of the conductors, whatever the size, must be 
added to the costs mdicated by the cm ves in order to ariive at the 
total cost of the fimshed hne These curves, howevei, do 
include an amount to cover the laboi cost of stringing the wires 
The lower curve of Tig 16 refers to wood poles or rigid steel 
tovers (for the higher voltages) canying three conductois, while 
the upper curve refers to a single set of poles or towers carrying 
SIX conductors It should be understood that the curves of Pig 16 
give only an approximate mdication of the probable capital expen- 
diture on the Ime The actual cost will depend upon the chai actor 
of the country, the nature of the ground, and other local conditions, 
such as cost of labor and facihties for transportation These, 
together with the weather conditions, force of wind, and possible 
loadmg of wires with sleet or ice, will determine the most eco- 
nomical span and the average height of pole or tower The cost, 
as previously mentioned, will also depend upon the mateiial of 
the conductors, as a large or smaller sag will influence spans 
and height of poles The weight and diameter of conductors, 
by affectmg the required strength of the supports, will be factois 
in determining the cost of the complete hne, apart from any 
difference m the value of the conductors themselves The actual 
cost of strmgmg very hght or very heavy conductors will also 
differ from the average amount allowed foi the purpose of plot- 
ting the curves The number and style of hghtmng conductors, 
if any, and whether or not one or more grounded guaid wiies 
are strung above the conductors will obviously modify the average 
figures Although steel poles, or steel towers, will generally be 
found more economical than a wood-pole hne for voltages above 
50,000 on account of the heavier msulators, wider spacmg 
between conductors, and generally greater height of support, it 
does not follow that wood poles or wood-pole structures may not 
prove economical, even for considerably higher voltages, in coun- 
tries where suitable timber is plentiful and the ready means of 
transportation and erection of steel towers are wanting It is, 
however, necessary to bear m mind such items as the probable 
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cost of maintenance, repairs, replacements of decayed or damaged 
poles, and all chaiges to be met periodically during future years 
No final decision should be made without comparmg the annual 
costs of alternative proposals 

26 Cost of Overhead Conductors —The capital expenditure 
on conductors will depend upon the mateiial and the total weight 
It IS not proposed to discuss, in this place, the relative merits of 
copper and aluminum as conductor materials, but it may be well 
to point out that although the market values of these metals 
may be such that the use of one or the other may lead to some 
saving on first cost, there are many engineermg points to be most 
carefully considered before definitely adopting either metal 
The weight of the conductors necessary to transmit a certain 
amount of power over a defimte distance wiU obviously depend 
upon the voltage, but apart from the engineering difficulties 
encountered at the higher voltages, there are economic considera- 
tions which deternune the maximum voltage suitable for any 
given conditions Among these may be mentioned a possible 
increase in the cost of generatmg plant for the higher pressures, 
the greater cost of step-up and step-down transformers and of 
the control apparatus, together with the hne insulators, entermg 
bushings, etc The transmission line poles or towers wiU also, 
as previously mentioned, cost more for the higher pressures, 
because of the wider spacing between conductors and the greater 
length of insulator string Then again, with extra-high pressures, 
the increased losses through leakage over msulators and possible 
corona losses may be qmte appreciable 

Given a defimte amount of power to be transmitted, and a 
defimte hne pressure, the current can be calculated, and the eco- 
nomic conductor cross-section — and, therefore, the weight and 
cost of the conductors — will be directly proportional to this 
current It is only of recent years that this fact appears to have 
been generally recogmzed, and yet, as long ago as 1885, m his 
Cantor lectures dehvered in London, Prof George Forbes said 
“The most econonucal section of conductor is independent of 
e m f and distance, and is proportional to the current ” The 
determination of the current value to be used m the calculation of 
conductor sections is a real difficulty It must not be supposed 
that even a knowledge of the load factor is sufficient by itself 
The load factor, being the ratio of average load to maximum load, 
does not give the relation between the average PR loss and the 



48 ELECTRIC POWER TRANSMISSION 

l^R loss of raaxirQum output The power lost intheconductois 
of a constant potential supply is proportional to the square of 
the power transmitted On the basis of the average hydro- 
electric load curve, if the load factor is 50 per cent, the load on 
which the average tiansmission line losses should be based — 
bemg the square root of the mean of the square of the power 
tiansmitted— will probably be found to be more nearly 60 per 
cent than 50 per cent of the maximum load 

Although the discussion which follows refers mainly to over- 
head transrmssion hnes, the same general principles should 
govern the choice of conductor cross-section in underground 
cables As an economic problem, the underground system of 
transmission differs from the oveihead system mainly in the 
fact that the cost of the insulation in a cable is a function of the 
conductor diameter, whereas the cost of line insulators is less 
closely connected with the size or weight of the oveihead con- 
ductors The cost of insulation is relatively more important in 
cable systems than m overhead transmissions 

27 Economic Size of Conductor. Kelvm’s Law. — Before 
considermg to how great an extent the voltage may be raised, in 
order to keep down the current, without exceeding the hmits 
deternoLined by economic considerations, it will be well to examine 
the fundamental pnnciple known as Kelvin's law, by which 
the proper size of conductor to carry a known current is deter- 
nuned In this connection it is of no consequence whether 
the transmission is by direct or alternating currents, single 
phase or polyphase If conductors have to be provided to carry 
a current of known amount, these may be of large cioss-section 
and, therefore, of high imtial cost, but of so low a lesistance 
that the PR losses will be small, or they may be of small cioss- 
section and high resistance, the capital expenditure on which 
will be small, but m which the PR losses will be large The 
economical size of conductor for any given transmission will, 
therefore, depend on the cost of the conductor material and the 
cost of the power wasted in transnoission losses, and the law of 
maximum economy may be stated as follows The annual cost 
of the energy wasted per mile of the transmission line, added to the 
annual allowance (per mile) for depreciation and interest on jiist 
cost, shall he a minimum 

If it IS assumed that the cost of poles or towers, insulators, and 
other materials (apart from the conductors themselves), including 
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the labor on erection and stringing of wires, is independent of 
the actual size of conductor, then the only variable item in the 
capital expenditure is directly proportional to the cross-section 
(or weight) of the conductor, and since the PR losses (for a 
given current) are inversely proportional to the conductor 
cross-section, the law of maximum economy is greatly simph- 
fied and m fact becomes Kelvin’s law, which may be expressed 
as follows 

The most economical section of a conductor is that which makes 
the annual cost of the PR losses equal to the annual interest on the 
capital cost of the conductor matenalj plus the necessary annual 
allowance for depreciation The cross-section should, therefore, 
be determined solely by the current which the conductor has to 
carry, and not by the length of the line or an arbitrary hunt of 
the percentage full-load pressure drop If there are reasons 
which make a large pressure drop undesirable, then, if necessary, 
economy must be sacrificed, and the hne calculated on the basis 
of regulation only 

If (m) stands for the size or cross-section of the conductor 
(circular mils), the annual cost of the metal m the conductors 
per mile of line may be written jK'c(m), where Kc is a constant 
determmed by the cost per pound of the conductors, the number 
of conductors m the hne, the interest on the purchase price of the 
conductors, the estimated ^'hfe” of the hne (depreciation allow- 
ance), and the probable scrap value of the conductors at the time 
when they will have to be replaced 

The annual cost of the energy wasted in PR loss per mile may 
K 

be written where Ke is a constant determined by the known 

or estimated value of Pj and the umt cost of the wasted energy 
The total annual cost is 

y = KXm) + 

from which it is seen that the annual cost will be high not only 
when (m) is very large (high cost of conductors), but also when 
(m) IS very small (high cost of wasted energy). In order to 
obtain the mmimum value of y, 
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Multiplying both sides of the equation by (m), and transposing, 
the condition of minimum annual cost is obtained 

(ti - ■K'.w m 

’which IS Kehin's law as stated above 
28, Economic IR Drop. — It is not generally realized that 
when the size of a conductor is detei mined by the application of 
Kehnn^s law, the ohmic drop of pressure per unit length of 
conductor is mdependent of the actual voltage or the current 
to be earned and, therefore, bears no definite i elation to the 
total amount of power to be transmitted The economic 
data and assumptions alone determme the ohmic drop in volts per 
umt length of conductor, and this will be a constant quantity 
whatever the number of conductors or system of electric tians- 
naassion adopted, the total amount of powei to be tiansmitted, 
or the voltage ultimately decided upon This fact very consider- 
ably simphfies the problem m its earlier stages 
The equation (17) may be written m the form 



by which the economical cross-section of conductoi could be cal- 
culated if the quantities Ke and Kc could be correctly evaluated 
Annual Charges Depending upon Cost of Conductors 

Let Cc = cost per pound of conductor, 

a = total percentage to be allowed for interest, deprecia- 
tion, etc , per annum, 

= weight per mile of conductor per circular mil of 
cross-section, 

(w) = cross-section of conductor in circular mils 

Then 

Cost per mile of conductor 1 ^ ^ 

expressed as an annual charge 1 ” ^ ^ ^ (^) (18) 

Annual Cost of Lost Energy 

Let = cost per kilowatt-year of the DR energy losses, 
I = amperes of current m the conductor, being the known 
or estimated value of current which, when squared and multi- 
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plied by the conductor resistance, will represent the aveiage rate 
at which energy is being wasted m the form of I^R loss, 

R — the resistance, in ohms, per mile of conductor. 


= kX 


mil-foot 

Then 


5,280 

(m) 


where k is the resistance per circular 


Annual cost of energy lossi _ ^ ^ 7-^ X 5,280 
per mile of conductor J ~ * ^ 1,000 X (m) 


(19) 


For the condition of mimmum cost, it is merely necessary to 
equate (18) and (19) as indicated by equation (17) This 
gives the economical cross-section of the conductor in circular 
mils per ampere as 

(^) - ^ 




w„ 


X 


( 20 ) 


For stranded copper conductors with Wm = 0 016 and k = 
10 8 at 20°C , this becomes 

Circular mils per ampere (copper) = 597 (20a) 

For stranded aluminum conductors, with Wm = 0 0048 and k == 
17 5 at 20°C , this becomes 

Circular mils per ampere (aluminum) = 1,385 (206) 

5 280 

Since the resistance per mile of conductor is R = k ^ ^ 

substitute for (m) in equation (20) its value in terms of k and R, 
which leads to the expression, 

Economic IR drop per mile 
of conductor 

For stranded copper conductors at about 20°C the economic 
voltage drop per mile is 


= \/52,800 kw„ X (21) 


Economic IR drop (copper) = 95 5 . 


C, 


(21a) 


and for stranded aluminum cable at the same temperature, 

Wo 


Economic IR drop (alummum) = 66.5^-^ (21b) 

29. Economic Voltage and Calculation of Conductor Sizes. — 
Having ascertamed what will be the most economical resistance 
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drop of prossuro por nulo of conductor without reference to the 
total amount of power to be tiansmitted, the size of the conductor 
cannot be determined unless the value of the current is known, 
and this will depend upon the pressure at which the energy will be 
transmitted 

If the cost of the conductors forming the transmission line, 
and of the PR losses theiein, were the only considerations, a high 
voltage would in all cases be desirable on account of the corre- 
sponding reduction of current foi a given amount of eneigy to be 
transmitted But, apart from the extra cost of the line due to 
the better insulation and wider spacing of wires required by the 
higher pressures, the cost of generation and transformation of 
high-pressure energy must be taken into account, and as the 
extia cost per kilowatt of equipment for geneiating at high pres- 
sures wiU depend largely upon the total output required, it 
follows that the most economical piessure will beai some relation 
to the total power to be transmitted This is apait from the 
distance of transmission, which is the most impoitant factoi 
govermng the choice of voltage If the distance is great, it is 
obvious that the reduction of material cost and power losses in 
the hne due to the employment of higher pressures will be lela- 
tively of far greater impoitance than the increased cost of plant m 
generating and transforming stations On the other hand, 
the employment of very high pressures even on a comparatively 
long hne might not be justified if the total amount of power 
to be transmitted were very small 

As a first approximation, the writer has found the following 
formula useful in getting out prehmmary estimates, the line 
voltage given by the formula agrees generally with modem 
practice 

/ kw 

Lane pressure (kilovolts) = 55 + jqq (22) 

This formula may be used for estimatmg the probable economical 
transmission voltage on hnes over 20 miles in length The sym- 
bol L stands for the distance of transmission m miles, while kw 
stands for the estimated maximum number of kilowatts that 
will have to be transmitted over one pole or tower Ime 

Given the amount of power to be transmitted and the length 
of hne, it is possible with the aid of formula (22) to select the 
nearest standard voltage and proceed with the calculations for 
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current and size of conductoi , but it is necessary always to bear in 
mind that a transmission line cannot be considered by itself ^ it 
must be treated as part of a complete scheme of transmission and 
distribution, and the best voltage to use on any given system can 
generally be arrived at only by a method of trial and error, taking 
into account the cost of the various parts of the complete system 
as influenced by alteiations in the transmission voltage No 
accurate formula can be evolved which would be apphcable to 
all the varied conditions encountered in actual work, but a 
practical method of attammg the required end will be explained 
later 

Example 6 Illust') ating Quick Method of Detei mining Economic 
Size of Conductors — For the purpose of workmg out a practical 
example, the following assumptions have been made 
Total kilowatts to be transmitted = 12,000 
System, three-phase 
Power factor = 08 
Distance of transmission if 120 miles. 

Copper conductors t€^ "fe used, the cost Cq being 20 cts per 
pound 

Percentage to be taken to cover depreciation and annual 
interest ois coiit of copper, a = 12 5 
Estimated cost of wasted energy per kilowatt-year, Ce = $22 
The economic voltage drop per mile of single conductor will be, 
by formula (21a), 

= 95 5 


12 5 X 0 2 
22 


= 32 2 volts 

The transmission voltage as given by formula (22) is 
Kilovolts = 55 ^20 -1- 
= 85 

or, say, 88,000 volts at the receiving end 
The current per conductor will be 

watts 

^^VSXEX cos 8 

12 , 000,000 

“ V3 X 88,000 X 08 
= 98 5 amp 

IR 32 2 

Resistance of conductor per mile = -y = == 0 327 ohm, 
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and since No 3-0 B & S wire has approximately this resistance 
per mile, that is the standaid size which should be adopted 
unless a more careful study of the complete scheme should lead 
to a different decision m regard to the pressure of transmission 
Since, for a given amount of power to be transmitted, the 
current viU vary inversely as the pressure, it follows that the 
resistance per mile of conductor to give the economic voltage 
drop per mile (32 2 volts in this particular example) will be 
directly proportional to the pressure at which the powei is 
transimtted Thus, if 110,000 volts weie found to bo a more 
economical pressure than 88,000, the ohms per mile of conductor 
0 32 X 110 

would be 55 = 0 4, the nearest standaid size being 

88 

No 2-0 (ohms per mile = about 0 41 at 60°F ) 

Power Lost in Line — The total PR loss in the thiee conductois, 
based on the calculated value of the resistance, is 

3 X length of hne X I X economical IR drop per mile 
= 3 X 120 X 98 5 X 32 2 
= 1,140 kw 

on the assumption that a transmissi^Th pressure of 88,000 volts 
IS adopted, and since the total kilowatts transmitted are 12,000, 
the 'percentage power loss is 


1,140 X 100 

12,000 


9 5 per cent 


YoUage Regulation — The power loss expressed as a percentage 
of the volt-amperes transmitted is 95X08 = 76 per cent, 
which IS also the IR drop m the hne conductors expressed as a 
percentage of the hne voltage This figure alone does not, how- 
ever, give much mdication as to what will be the actual regulation 
of the hne, as the effects of mductance and electrostatic capacity 
must be taken mto account and the resultant difference of pres- 
sure between the transmittmg and receiving ends of the line 
calculated as explamed m Art 18 of Chap, II for short lines, and 
more fully m Chap IX where the effects of capacity are consid- 
ered The resultant pressure drop may be found to be excessive, 
it may be such as cannot readily be dealt with in a practical 
scheme, and m such a case the economy of the hne may have 'to 
be sacrificed by puttmg m larger conductors 
It IS obvious that other conditions may render it mexpedient 
or impossible to adopt the most economical size of conductor as 
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calculated by the application of Kelvin’s law, but in such cases 
experience and common sense will usually indicate the proper 
course to follow If the economic size of wire is small, it is 
possible, but not probable, that there may be trouble due to 
excessive heatmg A want of mechamcal strength, or loss of 
power due to corona formation, is more likely to lead to the 
selection of a conductoi diameter laiger than the economic 
size If, on the other hand, the conductor diameter is very 
large, there may be difficulties m handhng and m taking the stiain 
on the individual insulators The remedy in this case is obviously 
to subdmde the single ciicuit into two or more parallel cir- 
cuits, and, m fact, theie are many advantages m doing so rather 
than runnmg very heavy single conductors 
Again, even from the economic pomt of view, the case might 
arise of a temporary installation mtended to give a quick return 
on capital invested, and an exceptionally small size of wire giving 
a large PR loss might produce the best results This, however, 
leads to the consideration of the most important factor in the 
whole problem, namely, thq coirectness of the estimates of costs, 
depreciation allowances, afid power transmitted, upon which 
the value of the calculated lesults will mamly depend It is 
here that the experience, foiesight, and sound judgment of the 
engineer must necessarily play an important part, and it is not 
possible m this chapter to do more than draw attention to impor- 
tant considerations which must not be overlooked 
30. Estimation of Amount and Cost of Energy Wasted m 
Conductors. — The correct value of the power transmitted, from 
which to determine the value of the current I m formula (19) 
of Art 28, is frequently veiy difficult to estimate This is a 
pomt which IS best considered when determining the cost of the 
wasted energy It is, however, clear that the annual amount of 
energy wasted will depend not only on the average value of P, 
but also on the time dunng which the average amount of power 
may be considered as bemg transmitted by the wires If, 
therefore, it is desired to estimate accurately the amount of 
energy wasted annually m the hnes, a probable load curve for the 
year should be drawn and the average P calculated therefrom 
This will give a value for I which, if considered as fiowmg m the 
wires contmuously throughout the year, wiU lead to a certain 
watt-hour or yearly energy loss, the cost of which it is desired 
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to know In practice the value of 7, being the squaie loot of the 
average P taken throughout the year, is about five-eighths of 
the peak-load current This is considerably less than the value 
obtained in the numerical Example 8 to follow, wherein the 
assumed load conditions are exceptional 

Now, the annual cost of production of an additional electrical 
horsepower, considered apait from the total cost of production, 
IS always difficult, if not impossible, to estimate accurately, but 
where coal is the source of energy, theie is at least the extra cost 
of coal consumed to be taken into account when estimating the 
production cost of the lost eneigy The case is diffeient in a 
w^ater-power geneiatmg station, where the cost of running the 
station at full output is veiy httle in excess of the cost of running 
at one-quartei or one-tenth of maximum output, and it is even 
more difficult to decide upon a figure which shall represent the 
cost of wasted energy {Ce m the calculations) with sufficient 
accuracy to make the calculations of the economic conductor of 
real practical value 

There are two points m connectiojji with water-power proposi- 
tions which must never be lost sight *of 

1 If the amount of watei power available is limited, while the 
demand for power is unhmited, the cost Ce of the wasted energy 
may be taken at the price which the user would actually be pre- 
pared to pay for it were it available for useful purposes 

2. If the water power is unlimited as compaied with the 
demand for power, the cost of wasted energy is practically nzZ, 
except for the fact that a generating plant has to be installed of a 
somewhat larger capacity than would otherwise be necessary, 
and the works cost of the wasted energy must, of course, include 
a reasonable percentage to cover mterest and depreciation on 
this extra plant 

31. Estimation of Percentage to Cover Annual Interest and 
Depreciation on Conductors — So far as interest is concerned, 
if cash IS to be paid for the conductors, the figure to be taken for 
interest on capital should be on a par with the expected percent- 
age profit on the complete undertaking, but if the conductors 
are mortgaged, it is the annual amount of the mortgage which 
should be taken 

In regard to depreciation, the probable hfe of the conductor 
must be estimated, and this, to a certain extent, may depend 
upon the life of the transmission line considered as a whole 
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The manner m which the probable scrap value of the conduc- 
tois at the expiration of the “life*' period affects the percentage 
to be allowed foi depreciation will be explamed m Art 33 

32. Sundry Cost Items Affecting Economic Transmission 
Voltage — It should be clearly understood that the foregoing 
ai tides deal only with the determination of the correct size of 
conductors based on certam assumptions as regards voltage and 
power to be transmitted The cost of generatmg and trans- 
fonmng plant and buildings, as influenced by the voltage, must be 
carefully consideied, togethei with the type and cost of pole 
hne, so fai as these aie influenced by the size of the conductors 
The chaiactei of the country, too, will have some bearing on the 
design of the transmission line, and the final choice of voltage 
may depend to some extent upon whether a wood-pole line with 
comparativelj^ shoit spans and (preferably) small spacing between 
wires is likely to be more economical than a Ime with steel towers 
which will permit of longei spans with wider spacing between 
wires In other words, the total cost of the whole undertaking 
and the total annual losses of energyfiom aUsouices, as influenced 
by any change of voltage, must be consideied before the hne 
pressure as given by formula (22) can be definitively adopted as 
being the most economical for the undeitaking considered as a 
whole 

When figuring on the best voltage for any particular scheme, 
the capital cost of all works, buildmgs, or apparatus, which is 
likely to be infiuenced by the transmission hne pressure, together 
with all opeiatmg and mamtenance chaiges which may be simi- 
larly influenced, must be taken mto account It wiU usually 
be found convement to reduce all such costs or differences of 
cost to the basis of annual charges 

The cost of a generating station of medium size, complete with 
all plant and machmery, but not mcluding transmission line, 
may be anjrthing from §50 to §250 per kilowatt installed It will 
depend on total output, that is, on the size of the station, on 
location, and transport and labor facihties The cost of a hydro- 
electric station will depend on the head of water, the amount of 
rock excavation, the size of dam, length of tunnels and penstocks, 
etc. 

The figures given m the accompanying table are approximate 
costs per kilowatt (excludmg transmission line and all hydraulic 
works outside the power station buildings) for a medium-head 
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hydroelectiic development suitable for a total output in the 
neighboihood of 10,000 kw to be transmitted over two outgoing 
thiee-pbase feeders The usefulness of these figures lies mainly 
in the mdication they give of the piobable diffeiences in cost 
with the variation of transmission line pressure 

Approximate Cost op Hydroelectric Plant 


Transmission line voltage 



33,000 

C)G,000 1 

110,000 

Powei station building, including 




excavations 

$ 9 90 

$10 00 

$10 10 

Receiving station buildings includ- 




mg outdoor substations (if any) 

2 95 

3 00 

3 15 

Switchgear (both ends of line) 

1 75 

2 00 

3 00 

Lightning arresters 

0 55 

1 00 

2 00 

Transformer (both ends of line) 

8 20 

9 50 

12 00 

Generators and exciters 

15 00 

15 00 

15 00 

Cables m buildmgs, entering bush- 




mgs, etc 

2 00 

2 00 

2 50 

Crane, sundries and accessoiies, 
mcludmg cost of prelimmary woik 




4 80 

5 00 

5 25 

Turbmes and hydrauhe eqmpment 

16 00 

16 00 

10 00 

Total cost per kilowatt 

$61 15 

$63 50 

$69 00 


Annml Charges Depending on Voltage — The annual charges 
which should be considered when determining the most economical 
transmission voltage may be summarized as follows 

1 A percentage (mterest and depreciation) on all capital 
expenditure, whether for generating station, transmission hnes, 
or receiving stations, which is not constant for all voltages 

2 The yearly cost of the energy loss in the transmission line 

3 The yearly cost of energy loss m generators and transformers 
(the efficiency of the electrical plant will not necessarily be the 
same for all voltages) 

4 The yearly cost of mamtenance and operation This may 
depend upon length of spans m transmission hne, and on the 
necessary plant, switchgear, etc to be attended to and kept 
in workmg order 

33. Depreciation. — Depreciation is the loss of value or com- 
mercial utility due to deterioration with age The teim may 
be used to cover loss of value resulting from very different causes 
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A distinction should be made between natural and functional 
depreciation 

Natural or physical depieciation is the loss of value due to 
physical or chemical changes which, in time, will render the 
machine or plant practically useless Atmospheric changes, 
alternations of heat and cold, wear and tear, erosion, rust, 
decay, and electrolysis are causes of natural depreciation 

Functional depreciation is the loss of value due to the fact 
that, with the lapse of time, the machine, plant, or structure 
under consideration does not function as eflSiciently as when it 
was jfirst put into use, or as efficiently as it should function 
to compete with improved methods or apparatus It may 
become inadequate owing to lapid growth in the demand for the 
service which it is mtended to render, or it may become obsolete 
Thus, functional depreciation may be due either to inadequacy 
or to obsolescence A machme or structure becomes obsolete 
owing to scientific or artistic developments, i e , inventions It is 
practically impossible to predict a future state of development in 
any branch of engmeermg, and the proper amount to allow for 
depreciation is largely a matter of guesswork based upon previous 
experience A sinking fund for the creation of a depreciation 
reserve should be formed by placmg annually at compound 
interest a certam sum of money which, at the end of the estimated 
hfe of the structure or plant, wiU reproduce the sum origmally 
invested The formula for calculating depreciation is 


D = 


lOOr 


(23) 


(1 -f- r)” — 1 

where r is the mteiest rate, n is the estimated ''hfe” of the plant 
or machine, being the number of years dunng which interest is to 
accumulate, and D is the amount in dollars to be set aside at the 
end of each year in older to produce $100 at the end of n years 
The accompanying table gives values of D for interest rates of 
4, 5, and 6 per cent It is assumed that, at the expiration of the 
term of years, the value of the works or materials under con- 
sideration will be ml 

Although it IS rarely necessary to consider scrap values, an 
exception should be made m the case of copper conductors for 
transmission Imes If P is the price onginally paid for the 
conductors including the cost of erection, and S is the estimated 
net value of the scrap copper at the end of n years, it follows that 
the sum to be provided by the annual allowance for depreciation 
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Depreciation Table 


(On basis of 4, 5, or 6 per cent compound mteiest earned by money put aside 

annually) 


Life, j-eaxs 

Depreciation, per cent 

4 per cent interest 

5 per cent interest 

6 per cent interest 

5 

18 45 

18 05 

17 75 

6 

15 10 

14 70 

14 30 

7 

12 65 

12 25 

11 90 

8 

10 85 

10 45 

10 10 

10 

8 32 

7 95 

7 58 

12 

6 65 

6 28 

5 92 

14 

5 47 

5 10 

4 76 

16 

4 58 

4 23 

3 90 

18 

3 90 

3 55 

3 24 

20 

3 35 

3 02 

2 72 

22 

2 92 

2 60 

2 30 

24 

2 56 

2 25 

1 97 

26 

2 25 

1 96 

1 69 

28 

2 00 

1 71 

1 46 

30 

1 78 

1 505 

1 265 

32 

1 595 

1 325 

1 100 

34 

1 430 

1 175 

0 960 

36 

1 285 

1 045 

0 840 

40 

1 050 

0 828 

0 646 

45 

0 827 

0 627 

0 470 

50 

0 655 

0 477 

0 344 


is no longer P, but P — S Therefore the percentage deprecia- 
tion should be 


D'=d(^^) (24) 

where D is the depreciation as given by the table or calculated 
by formula (23), and D' is the proper depreciation to allow when 
the scrap value is taken mto account 
Example 7 Illustrating Application of Formula (24) — The 
cost of No 00 copper conductor, delivered on site, is 20 cts per 
pound, and the cost of strmging the three conductors of a three- 
phase transmission is $100 per mile The “life” of the line is 
estimated at 16 years at the termination of which the scrap value 
of the salvaged copper is assumed to be 13 cts per pound The 
estimated cost of labor salvaging the copper is $50 per mile of hne 
From the wire tables the weight per mile of No 00 copper con- 
ductor IS found to be 2, 165 lb. The cost per pound for erection is, 
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therefoie, ^05 ^ ' 3 = 1 53 cts , and the labor cost of salvaging 
the copper is 0 765 ct per lb. 

Assuming 5 per cent mterest on the money set aside annually, 
the percentage depreciation as given in the table is 4 23 which, 
when corrected by formula (24), gives 

D' = 4 = 2 025 

This would, therefore, be the pioper percentage to allow for 
depreciation on the basis of the estimated value of the scrap 
copper 

The '^hfe'^ m yeais of any part of a machme or structure is 
very difficult to estimate It is here that the distmction between 
natural and functional depreciation becomes important, because 
whichever one appears to mdicate the shoitest life should be 
consideied to the exclusion of the other Thus, the life of wood 
poles — ^liable to decay and attacks by msects — ^wiU lead to the 
allowance for natural depreciation bemg laiger than for func- 
tional depreciation, and the lattei can thei ef ore, be ignored But 
there are many kinds of plants, such as geneiatois of inefficient 
design 01 msufficient capacity, of which the hfe deteimmed on a 
basis of functional depreciation is shorter than the probable 
period durmg which the cost of mamtenance and repairs would not 
be excessive, and it is then the natural depreciation which should 
be Ignored 

34. Method of Determining Most Economical Transmission 
Voltage. Example 8 — Considei the case of a typical medium- 
head hydioelectnc power station 
Distance of transmission = 50 miles 
Three-phase line with copper conductors 
Cost of copper conductors = S20 per 100 lb. 

Power demanded'= 15,000 hp or 11,200 kw (It is assumed 
that this power wiU be required continuously day and night for 
industrial purposes, and that it is the probable limit of the water 
power available ) 

Power factor = 08 

Selhng pi ice of power = $21 per horsepower-year 
Interest on capital m vested, allow 7 per cent 
The econonuc IR drop per mile of single conductor as given 
by formula ( 21 a) is 

«. 95 5 ^ 
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Where Cc is the puce in dollais of 1-lb weight of conductoi (in 
this example Cc = 0 2), a is the percentage to covei annual depre- 
ciation and interest on cost of conductoi s, and Ce is the cost pei 
kilowatt-year of the wasted eneigy The propei value for a 
may be arrived at by estimating the teim of yeais coiiesponding 
to the life of the conductoi s, at the end of which they aie supposed 
to be of no value Taking 16 yeais as the life of the conductors, 
the depieciation to be allowed according to the table is 4 23, 
which would be the proper value to take on the basis of 5 pei 
cent compound interest if the copper wire has no sciap value at 
the end of this time It is very difficult to estimate the scrap 
value of conductors 16 years ahead Apart from the maiket 
quotations which may then determme the price per pound of the 
metal, the fact that the transmission line is veiy likely a long 
way from the place where there is a demand for the copper must 
not be overlooked Not only must the labor cost of removing 
the wires fiom the poles, together with the transportation charges, 
be deducted from the price obtainable foi the copper, but a 
furthei deduction should usually be made to cover, in whole oi 
m part, the cost of stringing the new conductoi s Assuming the 
net amount likely to be obtained from the sale of the sciap coppei 
to be $6 per 100 lb , the proper allowance for depreciation will be 


4 23 X 14 
20 


2 96 


which makes 


a = 7 + 2 96 = say, 10 per cent 
With regard to Ce, if the demand for power were equal to the 
available supply from the time the power plant is put into opera- 
tion, the works cost of waste power would be the same as the 
selling price, but, if it is assumed that the supply exceeds 
the demand during the first 4 years of operation, and that the 
cost of waste power durmg this period is only $7 per horsepower- 
year,^ the average cost of wasted power during the 16 year 
life of the conductors should be arrived at by estimating the 
current and power loss for each year that the plant is in operation 


^ The actual works cost of the wasted power is always difficult to deter- 
mine exactly It must, however, be remembered that even with unlimited 
power, and no appreciable mcrease m mamtenance and opera tmg charges 
with mcrease of losses, the greater capital cost of the plant mstalled to 
provide this waste power has to be taken mto account and expressed m the 
form of an annual charge per kilowatt wasted, whether this waste occurs 
m the generatmg and transformmg plant or in the hne itself 
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A first approximation to the required line voltage may be 
obtained by foimula (22) 


Kilovolts = 55 


= 55 


4 

4 


distance m miles + 


50 + 


11,200 

100 


kilowatts 

100 


= 70 

The current will be 


j _ kilowatts transmitted 

Vs X 70 X 0 8 
_ kilowatts 
97 

The Ime losses will be proportional to 7-, and in order to arrive 
at a suitable value for Ce for use m formula (21a), the demand for 
power during the fiist 4 years of operation (before the hydrau- 
lic plant is utilized to its possible limit) should be estimated, and 
a table constructed as below An average figuie may be assumed 
for power supphed during any given period of 12 months 


1 

2 

3 i 

4 

Period 

Estimated 

kilowatts 

demanded 

Current I 

X years 

First year 

4,000 

41 3 

1,710 

Second year 

5,000 

51 6 

2,660 

Third year 

6,000 

i 61 8 

3,820 

Fourth year 

S,0Q0 

82 5 


Fifth to sixteenth veai 

11,200 

115 5 



Total = 174,990 or, say, 175,000 


The total of the figures in the last column covermg the 4 
years during which the cost of waste power is estimated at $7 
per horsepower-year, is 14,990, or, say, 15,000, as compared with 
160,000 for the period of 12 years dunng which the cost of the 
wasted power will be $21 per horsepower-year A reasonable 
value to take for Ce is, therefore, 

^ (15 X 7) + (160 X 21) 

175 X 0 746 


where the figure 0 746 is merely for the purpose of converting 
cost per horsepower into cost per kilowatt 
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The economic resistance piessure drop, by formula (21a) is, 
therefore, 

= 26 2 volts per mile 

It IS well to note that the economic voltage drop does not 
correspond, in this paiticular example, to the full-load ohmic 
drop of pressure The current which causes the ohmic drop 
of 26 2 volts per mile may be calculated as follows The average 
value of P IS the total of column 4 in the above tabic, divided 

by the number of years, namely, = 10,930, the square 

loot of which IS 104 5, and this is the figure for current to be used 
m the prehmmaiy power-loss calculations, instead of 115 5 which 
IS the full-load current The Ime may, therefore, be considered 
as transmitting contmuously -s/S X 70 X 0 8 X 104 5 = 10,130 
or, say, 10,000 kilowatts 

On tihe basis of a current I = 104 5 amp and an IR drop of 
26 2 volts per mile, it follows that the conductor should have a 
26 2 

resistance of = 0 251 ohm per mile The nearest 

104 5 

standard size of copper conductor is Fo 0000 with a resistance 
of 0 26 ohm at 60®F The weight per mile is 3,448 lb , therefore, 
at 20 cts per pound, the cost per mile is 3,448 X 0 2 = $689 60 
and the annual cost of the conductor material for the complete* 
50-mile three-phase hne will be 0 09 X 689 6 X 3 X 50 = 19,300 
The total annual charges, mcludi'ng losses, assuming Kelvin’s law 
of economy to be satisfied, will be twice this amount, oi $18,600. 

For a particular value of the econoimc IR drop — this 
example 26 2 volts per mile of conductor — ^the proper size of wire 
for any other transmission voltage is easily found The economic 
resistance per mile for a pressure of 70,000 volts (current = 
104 5 amp ) was found to be 0 251 ohm Therefore, for any other 

hne voltage E, the current would be 104 5 X ^^’2^ If the line 

Hj 

voltage is 88,000 instead of 70,000, the economic ohms per mile 
would be 0 315, the nearest standard size of conductor being 
No 000, with a weight of 2,730 lb per mile The total annual 

charges on the hne would be 18,600 X = $14,700 

OjTC^O 
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By raising the voltage to 110,000, the economic resistance will 
be 0 251 X == 0 394 ohm per mile, the nearest standard size 
of copper conductor being No 00 with a weight of 2,165 lb per 
mile and a total annual cost of 18,600 X Pjjo = $11,650 

0 , 44:0 

Thus, by mcreasmg the transnnssion hne pressure from 70 
to 110 kv an annual saving of 18,600 — 11,650 = $6,950 is 
effected, but it remams to be seen whether or not the mcreased 
cost of other portions of the complete plant, due to the raising of 
the line pressure, will be less than the saving due to reduced weight 
of copper and smaller PR losses in the hne 
In order to take mto account the first cost, hfe, annual mainte- 
nance, and operating charges of every portion of the complete 
undertaking which may be affected by a change in the transmis- 
sion voltage, the costs — worked out on an annual basis — may be 
arranged m tabular form as here shown This tabulation shows 
clearly that the total charges for the 70,000-volt equipment are 
lower than for the two higher voltage equipments The total 
annual costs and the trend of the various cost items indicate that 
a voltage appreciably lower than 70,000 would almost certamly 
lead to a higher annual cost Thus, a pressure m the neighborhood 
of 70 kw , for which standard apparatus could be purchased, is 
the most economical for the particular transmission hne con- 
sidered m this example 

It will be understood that the accompanying estimate of total 
annual charges of the three selected voltages does not include any 
items other than those that are hable to vary with changes in 
the hne voltage An estimate covermg the complete under- 
taking would, in addition to the items named, have to take 
account of riparian rights for dam, reservoir, etc , prehmmary 
legal and other expenses, cost of providing proper access for mate- 
rials to site of works, dam and hydrauhc works outside station 
buildmg, turbmes, electric generators and exciters, auxihary 
plant, sundnes and contingencies 

In the case of a short-distance transmission with a line pressure 
not exceedmg 13,200 volts, and the possibihty of windmg the 
generators for the full pressure, the relative costs and efficiencies 
of generators wound for different voltages should be taken mto 
account 
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Yeaily cost of energy lost m generators and transformeis, 

Yearly cost of operation and maintenance, 

Bight of way and cleanng Total annual charges $54,790 $55,380 $58,410 
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36. Economics of Power-factor Correction. — If energy is trans- 
mitted through a circuit of resistance R ohms, the loss of power is 
w — PRj while the useful power is W = El cos B where E = the 
voltage, I = the current in the circuit, and cos B = the power 
TF 

factor Thus I = r, and the losses m the circuit may be 

E cos B 

W^R 

wiitten w = = — 5 -r which is similar to formula (6) developed in 
E-cos-B ^ 


Art 9 of Chap I Given a defimte amount of power transmitted 
at constant voltage, the PR losses are seen to be mversely propor- 
tional to the square of the power factor Thus, if the losses are 
100 kw when the power factoi is 0 65, they may be reduced to 

(’ 65)2 

100 X = 46 7 kw if the power factor can be raised to 0 95 



Fig 17 — Vector diagram for power factor correction 

If, on the other hand, the losses m the circuit remain the same, an 
improvement m power factor means an increase m the kilowatt 
capacity of the generating plant and transmission Ime 
A low power factor, which is due to mductive reactance m the 
circmt, may be corrected by instalhng condenseis to take a leading 
current component which will paitly or wholly balance the lag- 
ging current component due to mductive reactance Static 
condensers may be used, or synchronous condensers, or synchro- 
nous motors with variable field excitation so that leadmg current 
components may be drawn from the Ime 
Condensers are rarely used for the sole purpose of reducing 
PR losses, the question of power factor control on large high- 
voltage systems is usually considered m connection with pressure 
regulation From the economic point of view, the fundamental 
prmciple involved is simply this Will the entire annual cost due 
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to power-factor coriection by the installation of condensers be 
less than the annual saving due to reduction of energy losses 
As an alternative, the possibility of larger conductors should be 
considered, and the cost of this method of reducing I^R loss 
compared with that of the condenser equipment 

Calculation of Required Condenser Capacity — In the diagram 
Fig 17, hues drawn horizontally represent in-phase components 
of current (or power), while lines drawn veitically represent 
reactive components of current (or power) If cos B is the power 
factor before correction and cos is the power factoi after coi- 
rection, it follows that the reactive condenser curient (or volt- 
ampere capacity of the condensei) is indicated by the length 
BC m the diagram ^ 

The delivered power W — BI cos B = EB cos 0', and the 
ratio of the total (line) currents is 

IL - ^ 

I ~ cos B' 

The ratio of I^R losses before and after power-factor coriection is 



for the same kilowatts of delivered power 

The reactive current taken by the condensers is 
BC = OA (tan B — tan O') 
or 

Condenser capacity, in kilovolt-ampeies = 

power delivered, in kilowatts (tan B - tan B') (26) 

Calculations for power-factor correction may conveniently be 
made without reference to trigonometrical tables by sketching 
a diagram such as Fig 17 and then calculating the in-phase and 
reactive components separately 

Example 9 Reduction of Losses by Power-factor Correction — 
Suppose a 10,000-kw load of 65 per cent (lagging) power factor is 
delivered through a transmission Ime in which the losses are 
10 per cent, or 1,000 kw What is the necessary kilovolt-ampere 
capacity of static or synchronous condensers to be connected at 
the receivmg end m parallel with the load, m order that the hne 
losses shall be reduced to 700 kw ? 

Referrmg to Fig 17, and considering the vectors to represent 
kilovolt-amperes instead of amperes, note that if the kilowatts 

1 A more detailed treatment of the effects due to capacity in a circuit 
containmg resistance and inductive reactance will be found in Chap IX 
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are OA — 10,000, the vector OC is 


10,000 


= 15,400, and the 


reactive kilovolt-amperes with the original power factor are 
AC = V(15, 400)2 - (10,000)2 = 11,700 

In order to obtain the desired reduction of losses, write 

or (04)2 + (^ 5)2 = 0.7(00)2 

Thus AB = V0.7(15,400)2 - (10,000)2 = 8,120 kv.-a. 

The reactive (leading) kilovolt-amperes required, being the 
condenser capacity to be provided, is therefore (AC — AB)== 
11,700 ~ 8,120 = 3,580 kv.-a. 

Example 10. Comparative Costs of Condenser Equipment and 
Increased Size of Conductor. — Consider a 66,000-volt three-phase 
transmission line 50 miles long supplying a 100,0()l|tkw. load of 
70 per cent power factor. The line consists of three No. 0000 
copper conductors, the resistance per mile of single conductor 
(at 60®F.) being 0.26 ohm. 

The current per conductor is J = — = 125 amp., 

X 66 X 0.7 

^ X,. X X 1 TOO T 3 X (125)2 X (0.26 X 50) _ 

and the total PR losses are = 610 kw. 

i,uuu 

Assuming the cost per kilowatt-year of the energy losses to 
be S25, the total annual cost of the energy lost in transmission is 
610 X 25 = $15,250. 

Now suppose power-factor-correcting apparatus to be installed 
at the receiving end of the line to raise the power factor from 0.7 
to 0.95, and see (1) what saving of annual cost (if any) can be 
effected by this means, and (2) how the installation of condensers 
compares with additional copper in the line if it is desired to 
provide for a heavier load at the recehdng end. 

1. Referring to Fig. 17 and formula (26), the factor by which 
the kilowatt load at the receiving end must be multiplied to 
obtain the necessary kilovolt-ampere capacily of the corrective 
apparatus (synchronous condenser) is the quantity (tan 6 — 
tan 6'), If it is desired to avoid reference to trigonometrical 
tables, write 

. . sin ^ “v/l — cos2 $ 

tan 6 = T = 7 

cos d cos 6 


= 1.02 
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Similarly, 


tan O' 


Vl - (0 95)^ 

0 95 


= 0 329 


wlinnce ton d — tan 6' — 0 691 

and the required capacity of the condenser equipment = 0 691 

X 10,000 = 6,910 kv -a 

On the basis of 12 per cent for interest and depreciation, the 
flnT>na.1 cost of this equipment would be approximately as follows 


7,000 kv-a synchionous condenser, in position, with 
necessary switchgear, etc , at $5 per kilovolt-ampere $35,000 
Intel est and depreciation, 12 per cent $4,200 

Cost of energy losses in condenser, say, 180 X 25 4,500 

Attendance and upkeep of additional plant 300 


Total annual cost of power-factor-correctmg equipment $9,000 


Now see if this expenditure will be less than the saving effected 
by reduction of transmission Ime losses (the saving in tiansformei 
losses will be neglected as these are a small percentage of the line 
losses) By formula (25), the PR losses, after power-factor 

( 70)2 

correction, will be 610 X = 330 kw (approximately), the 

saving bemg 610 — 330 = 280 kw The annual saving due to 
reduction of transmission line losses is, therefore, 280 X 26 = 
§7,000, which, on the basis of the above figures, indicates that it 
would not be economical to install condenser equipment merely 
for the purpose of reducing the line losses 
2 If it IS assumed that the line losses remain as before, 
namely 610 kw , the installation of condenser equipment at a cost 
of $9,000 per annum makes it possible to transmit a greater 


amount of energy, namely, 10,000 X = 13,550 kw , or an 


increase of 3,550 kw Consider, now, whether or not it would be 
more economical to accomplish this by mcreasmg the size of the 
conductors 

With the same transmission voltage and the original power 
factor at the receiving end of the hne, the current corresponding 

iq KKA 

to the greater load is 125 X == 169 5 amp , and for the 


same PE losses, the resistance per mile must be 0 26 X = 

(169 5)^ 

0 1415 ohm Since it would be difficult to replace the existing 
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conductois without interruption of service, it will piobably be 
advisable to string up another set of three conductors and connect 
these m parallel with the existing line Assume that the neces- 
sary cross-arms are provided for a duplex line and that it is 
merely necessary" to pro\nde the insulators and additional wires. 
The calculated mciease of cross-sectional area being veiy nearly 
equal to that of the existmg Ime, it will be desirable to duplicate 
the line with the same size of conductor, namely No 0000 
stranded copper The total weight of additional copper required 
will be 3,448 X 50 X 3 = 517,000 lb Allowing 8 pei cent for 
interest and depreciation, which takes account of the scrap value 
of the copper at the termination of the estimated “life'' period 
(see Art 33, Example 7), the annual cost of the conductors at 
20 cts per pound (which mcludes erection) is 0 08 X 0 2 X 
517,000 = 88,270 The annual cost of the additional insulators 
will be about 81,400, making a total of 59,670 as against the 89,000 
for the power-factor-correctmg apparatus Although these 
figures are slightly in favor of the condenser equipment, it is 
necessary to bear m mind that mcrease of conductor cross- 
section IS a better guarantee of satisfactoiy and contmuous ser\’ice 
than the installation of machinery which may accidentally fall 
out of synchromsm oi give tiouble through hot beanngs, or other 
abnormal causes It is true that static condensers are not sub- 
ject to such accidents, but they would be too costly to use on 
large power systems, and, moreover, they have not the advantage 
of the synchronous condenser m which different values of leading 
powder factor may be obtained by merely varymg the field 
excitation 

In concluding this article on power-factor correction, it may be 
well to mention that this is a very important feature of modem 
transmission systems, and that the examples of calculations here 
given do not cover the ground thoroughly They serve to illus- 
trate the mannei in which such problems should be solved, namely 
by comparmg the annual costs of alternative schemes. Mathe- 
matical formulas are of httle use in this conne^stion because of 
the large number of items mvolved and the many forms which 
the problem assumes m practice The economic reasons for 
installm^ondensers may be-summed up as follows: 

1 Reduction of transmission Ime and transformer losses by 
raising the power factor 
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2 Reduction of the volt-ampeie load on the generating plant, 
thus pel nutting a largei amount of useful power to be transmitted 

3 Regulation of voltage on long-distance transmission lines 
(this particular function of the condenser load will be taken up 
in Chap X) 

Apart fiom voltage legulation, the mam points to be considered 
in determining the propei type of collective apparatus and the 
amount of powei-factoi coirection which will be economical are 

1 The annual cost of the corrective equipment 

2 The annual cost of the energy losses in same 

3 The annual saving through the reduction of line losses 

4 The annual savmg in transformer losses 

5 The annual increase (if any) of operating expense due to 
the installation of power-factor-correcting devices 

6 The annual cost of other means (not involving condenser 
equipment) which will achieve the same end, i e , reduction of 
Ime losses with or without an increase in the amount of energy 
transmitted The possibilities of raising the transmission volt- 
age (to reduce the current) and of increasing the cross-section of 
the conductors (to reduce the resistance) should, therefore, be 
considered 
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MECHANICAL PRINCIPLES— OVERHEAD CONDUCTORS 

36 Matenals — Under ordinary circumstances, the choice of 
material for the conductors of an overhead high-tension trans- 
mission hne hes between copper and alummum Under ceitam 
conditions, as for the transmission of contmuous currents or when 
the pnce of moie suitable materials is abnormally high, galvan- 
ized iron or steel may prove satisfactory and economical, and com- 
pound wires 01 cables, such as copper-clad steel, and alummum 
cables with galvanized steel core, are used where great mechamcal 
strength is of more importance than high conductivity Tables 
of resistances, sizes, and weights, and other physical properties 
of the matenals will be found m the vanous engmeeiing hand- 
books and manufacturers’ catalogues, and only such particulars 
wiU be given here as may be useful for prehmmary calculations 

Cop-pei — It IS probably safe to assert that, apmt fiom the 
question of cost, the high conductivity combined with the great 
strength and elasticity of hard-drawn copper gives this material 
the advantage over all others for use on the average high-tension 
electric tiansnussion Ime 


The ultimate tensile strength of hard-drawn copper is greater 
per square mch of section m the smallei wires, being approxi- 
mately as follows 


Gage number, B & S 

Diameter, inch 

Breaking stress, pounds per 
square m(h 

2 

' 1 

0 258 

! 58,000 

4 


1 60 000 

6 


1 62,000 

8 

0 128 

64,000 

10 

I 0 102 

65 000 

12 

, 0 081 

66,000 

14 

0 064 

67,000 

16 

0 051 

67,500 


A stranded cable, in which the pitch is usually between 12 and 
16 diameteis of the cable, will generally break under a load 
slightly smaller than the combined bieaking loads of the mdmdual 
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wires The tensile stiength of a stranded cable should, howcvei, 
not be less than 90 per cent of the combined strengths of the 
single wires 

The elastic limit of hard-drawn copper wires is about 60 
pel cent of the breaking stress, but it may be as high as 70 per 
cent and even 75 per cent of the ultimate stress 
Aluminum — The conductivity of hard-diawn aluminum wiie 
IS between 60 and 61)^ per cent by Matthiessen's standard, 
puie coppei being 100 per cent The weight of an aluminum 
conductor is almost exactly half that of the copper conductor of 
equal lesistance, and it is about 77 per cent as strong as the 
equivalent copper cable (safe working stress) Comparing 
alummum of 61 per cent conductivity with coppei of 97 per cent 
conductivity, the diameter of the equivalent alummum cable 
would be 1 26 times the diameter of the copper cable 
The ultimate tensile stress of hard-drawn alummum wire 
depends upon the size of wiie and hardness, if cairied beyond 
a certam pomt, high tensile strength is a disadvantage, because 
the conductivity is lowered and the wiie becomes ^^shoit’’ 
Approximate values foi the ultimate stiess of alummum wires 
are given below 







MECHANICAL PRmCIPLEi:i—0-\ERHE4.D CONDUCTORS 75 

Size of the cable and the frequency Apart from the greater 
loss of voltage due to apparent increase of resistance when iron 
wires are used with alternating currents, the loss of pressure due 
to mcreased leoctance must also be taken into account The 
external reactance is the same for a given diameter and spacing 
of wires whatever may be the material, but the internal reactance 
vill ob\nously be much greater for a magnetic” than for a 
non-magnetic ” conductor 

Experience with iron wires as conductors in Germany during 
the Tvar has shown this material to be unsatisfactory, not only 
because of its insuitable electiical properties, but also because it is 
troublesome and costly to erect, the galvanizing is easily damaged, 
and jomts are difficult to make 

Copper --clad Steel — By welding a coatmg of copper on a steel 
wire, a compound wire known as haid-drawm copper-clad steel 
wire IS produced This has been well tested, and expenence has 
shown it to be an excellent material for many purposes The 
wire can be made up in the foim of cables if desired, which, when 
used as conductors for overhead transnussions, will have greater 
strength than cables made entirely of copper, and lower resistance 
than cables made entiiely of steel The two metals are mti- 
mately and permanently welded together by means of a special 
copper-iron alloy, and the relative quantities so adjusted that 
the finished wire has a conductmty of 30 to 40 per cent of a 
coppei wure of the same diameter The ultimate tensile strength 
of commercial copper-clad wire of vanous sizes is approximately 
as below 


Ga^ number, ! 

B & S 1 

Diameter, inch | 

BreakinR load, 1 

pounds 1 

1 

Niumber of *imes 
stronger than copper 
of same diameter 

000 

0 410 

8,200 

1 2 

0 

0 325 

5,600 

1 24 

2 

0 258 

4 000 

1 33 

4 

0 204 

2 700 

1 35 

6 

0 162 

1,800 

1 40 

8 

0 128 

1,200 

1 45 

10 

0 102 

800 

1 50 


By using a core of high-carbon steel, an exceptionally strong 
copper-clad steel wire has been produced which has a strength 
more than twice as great as hard-drawn copper of the same 
diameter For extra-long spans, copper-clad steel compares 
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favorably with bronze (silicon-bronze oi phosphor-bionze) 
which IS sometimes used — particularly in Europe — wheie high 
tensile strength is lequiied 

Stranded Cables with Steel Wtre Core — The cential wiie of a 
stranded conductor may be galvanized steel, or a small-diameter 
steel cable may be used foi the core This increases the strength, 
especially in the case of aluminum cables, and a compound con- 
ductor of this soit IS useful for long spans on an aluminum wire 
tiansmission hne 

It IS usual to neglect the cui rent-carrying capacity of the steel 
coie, and calculate the conductivity on the assumption that all 
the cunent is cairied by the stiands of the higher conductivity 
metal Composite cables can be made of steel and copper wires, 
but the strength of hard-drawn copper is so great that the gam 
due to the addition of the steel core is comparatively small 

Seven-strand aluminum-steel cables are made with one central 
steel- wiie and slx aluminum wires, while 37-strand and 61-strand 
cables are made with central cores consisting of a seven-strand 
steel cable 

37. Physical Constants and Sizes of Commercial Conductors — 
The accompanying tables gives the most important physical 
constants for various conductor materials It will be noticed 
that aluminum has a largei tempeiature coelScient than copper 
This has an important bearing on the economic length of span, 
the difference in sag between summer and wmtei temperatuies 
is often considerable with alununum conductors, but this dif- 
ference IS, of course, more noticeable on the shorter spans such 
as occur with a wood-pole construction on long spans, the 
difference m sag due to temperature changes is very small, what- 
ever metal is used 

An argument often advanced in favor of aluminum conductors 
is that the weight of these, for any given transmission scheme, 
is only about half that of copper This is certainly an advantage 
m the handhng of the wire, but otherwise it is at least counter- 
balanced by the fact that the wmd effect is greater on the increased 
diameter and that the towers must often be higher than if copper 
IS used, partly on account of the higher coeflS.cient of expansion 
of alummum, but mamly because of the lower permissible stress 
The advantage of lighter weight is largely discounted by the 
fact that the equivalent aluminum conductor can only be drawn 
up to a tension equal to about three-quarters of the permissible 
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fetiess 111 iiou nds pei s giiaie inch 
Being latio extension per unit length 

* To obtain weight pei foot of any sue of wiie, multiply these liguies by tho cioss-soctional aica expiesscd m ciicuUi mils 

* Used lu sag calculations ^ = 1 5 times the weight pei cubic inch of t onductoi 

* To obtain resistance per mile of any size of wiie, (hvide tlitse faguics by tho numbci of ciioulai mils in the cioss-section 
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maMmnm tension of the copper cable On the othei hand, the 
larger diameter of the alummum cable may be an advantage on 
very high-piessuie tiansmissions, because it raises the ciitical 
voltage at which coiona losses become appreciable 

The physical constants given in the table include Young’s 
modulus of elasticity (E) which is not quite the same for stranded 
cables as foi solid wires This quantity (E) is the constant in 
SI 

the expiession ^ where dl is the increase in length of a wne 

of length I when submitted to a tensile stiess of S lb per 
square inch This coefficient is approximately constant foi all 
vdues of stress not exceeding the elastic limit, but in the case of 
stianded conductors it will depend somewhat upon the numbei of 
strands in the cable and the “lay'^ or pitch of the strands 
Some engmeers use a figure for Young^s modulus as low as 12 X 
10® for stranded copper conductors, but experience has shown 
that, after stretching or being submitted to a cycle of tensile 
loads due to strong winds or ice deposits, a stranded cable has 
very much the same modulus of elasticity as a solid wire The 
danger of using a figure much lower than the suggested 15 X 10® 
as given m the table is that the actual tensions in the conductor 
may be greater than the calculated values This unceitainty 
regarding the exact value of the ratio between load and elongation 
serves to emphasize the fact that mathematical niceties m 
engmeenng calculations are not always justified and may involve 
a waste of time and labor The engineer should always bear in 
mind the nature of his data and the piobable accuracy of his 
assumptions before using any but the simplest methods for solv- 
ing his problems This is especially true of the mechanical design 
of transmission hnes where reasonable factors of safety are used, 
and it IS impossible to predict the exact maximum load to 
which the structures may be submitted under severe chmatic 
conditions 

The table of physical constants does not include steel-cored 
alummum cables because the constants for these composite con- 
ductors depend upon the number of strands and the relative 
cross-section of iron and alummum In a seven-strand cable iju 
which all the wires are of the same material, the center wire is 
subjected to a greater stress than the outer wires, and it is likely 
to break first In steel-cored aluminum cables, the center wire 
or core is made of high-tensile steel capable of taking, if neces- 
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sary, the whole of the tension in the conductor The ultimate 
stress m the steel core is about 160,000 lb per squaie inch, and 
the modulus of elasticity (up to an elastic limit of about 120,000 
lb per square inch) is = 29 X 10® The modulus for aluminum 
is about 9 X 10® 

Modulus of Elasticity of Composite Cable. 

Let Sft = stress m the steel coie (pounds per square inch) 
and Sa = stiess in the alummum wires Then, since the elastic 
elongation under load of a given length of the composite cable will 
be the same for the steel and foi the aluminum, 

Ss _ Sa 

29 X 10® 9 X 10® 

whence >Sa = 0 31 the meaning of w^hich is that for stresses 
withm the elastic limit of either material, the stress m the alumi- 
num wire will be 0 31 times the stress in the steel core Thus, if 
the load on the cable is such as to stress the alummum up to its 
elastic limit of, say, 15,000 lb per squaie inch, the stress m the 
steel core will be about 48,000 lb per square inch, which is also 
within the elastic limit of the high-grade steel used in these cables 
The total tension m the cable is divided between the steel and 


aluminum strands m the ratio 


1 X 48,000 


0 533, from which it 


6 X lo,000 ' 

follows that the steel core takes about 35 per cent of the total 
tension while the aluminum wires take the balance of 65 per cent 
In order to calculate the modulus of elasticity of a seven-strand 
cable in which the cross-section of the steel is A and the cross- 
section of the aluminum is 6-4, wiite for the extension of the steel 
core under a stress Ss 

"" 29 X 10« 

Similarly, for the same extension of the composite cable, 

f p\i 




wheie E is the requued modulus and P is the total pull (tension in 
pounds) in the cable This pull may be expressed m terms of 
the umt stresses by wntmg 

P = AS. + 6A5« 

= AS. + 6A X 0 31S. 

= 2 86 AS. 

Substituting m (b) and equatmg (a) and (b), 

P = 11 8 X 10« or, say, 12 X 10« 
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The modulus foi composite cables with more than seven 
strands may be calculated in a similar manner The following 
figures lelatmg to steel-coie aluminum cables are supplementary 
to the constants in the table on page 77 


Phi SIC Ui CovsTiNTS op Steel-coee Aluminum Cable 



7-str^nd 

37-strand 

01-str xnd 

Breaking stiess, pounds pei square 




inch (average) 

47,000 

53,000 

43,000 

Elastic limit, pounds pei square 




mch 

30,000 

35,000 

27,000 

Modulus of elasticity (E) 

12 X 10® 

13 X 10® 

11 5 X 10® 

CoefSicient of linear expansion per 




degree Fahrenheit (a) 

10 S X 10"® 

10 X 10“® 

10 9 X 10-® 

Weight^ per mile per circular mil 

0 00735 

0 00826 

0 0068 

Weight^ per foot per eirculai mil 

1 39 X 10-®| 

1 56 X 10-® 

1 29 X 10“® 


^ Multiply these figures by the ciicular mils of cross-section of the alumi- 
num only 


It IS customary to express the sizes of composite aluminum- 
steel conductors m terms of the alummum cioss-section only 
(m circular mils), the conductivity of the steel core is neglected 
and the resistance per circular mil is therefore assumed the same 
as for aluminum conductors without steel cores 
Seven-strand steel-core alummum cables would be used for 
sizes up to No 0000 (211,600 circular mils), 37-strand up to 
350,000 or even as large as 500,000 circular mils, while 61-stiand 
cables may have as much as 900,000 circular mils of aluminum 
cross-section 

Resistance of Standard Sim of Conductors — ^The accompany- 
ing wire table gives the approximate resistances and weights of 
the usual sizes of copper and alummum cables and wires as used 
for overhead conductors The resistances are calculated for a 
temperature of (20°C ) 
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Resistance and Weight op Conductors at 68°F (20°C ) 
(Stranded conductors) 


Size, 
circular 
mils and 

B &S 
gage 
numbers 

Diam- 

eter, 

inch 

Area of cross-section 

Copper 

Aluminum 

Circular 

mils 

Square 

inch 

Ohms 
per mile 

Weight 
pci 1,000 
ft , 

pounds 

Ohms 
per mile 

Weignt 
per 1,000 
ft, 

pounds 

1 000 000 

1 150 

1 000,000 

0 7854 

0 0575 

3 060 

0 093 

940 

950 000 

1 125 

950 000 

0 7461 

0 0605 

2 910 

0 098 

893 

900 000 

1 1 100 

900 000 

0 7008 

0 0638 

2 750 

0 103 

846 

S50 000 

1 060 

850 000 

0 6676 

0 0676 

2 600 

0 109 

800 

SOO 000 

1 035 

SOO 000 

0 6283 

0 0719 

2,450 

0 116 

752 

750 000 

1 000 

750 000 

0 5S90 

0 0760 

2,300 

0 124 

705 

700 000 

0 9b5 

700 000 

0 5498 

0 0822 

2 140 

0 133 

658 

650 000 

0 930 

650 000 

0 5105 

0 0884 

1 990 

0 143 

611 

600 000 

0 S95 

COO 000 

0 4712 

0 0957 

1 840 

0 155 

564 

550,000 

0 855 

550 000 

0 4320 

0 1045 

1,680 

0 169 

517 

500 000 

0 S13 

500 000 

0 3927 

0 115 

1,530 

0 186 

470 

450 000 

0 771 

450 000 

0 3534 

(P12S 

1 380 

0 207 

423 

400 000 

0 725 

400,000 

0 3141 

0 144 

1 225 

0 233 

376 

350 000 

0 680 

350 000 

0 2750 

0 164 

1 070 

0 266 

329 

300 000 

0 030 

300,000 

0 2356 

0 102 

920 

0 310 

282 

250 000 

0 375 

250 000 

0 1963 

0 230 

705 

0 373 

235 

0000 

0 522 

211 600 

0 1662 

0 272 

C47 

0 430 

199 

000 , 

0 405 

167 SOO 

0 1318 

0 343 

514 

0 556 

158 

00 

0 414 

133 100 

0 1045 

0 432 

408 

0 700 

125 

0 

0 369 

105,360 

0 0830 

0 545 

323 

0 882 

99 

1 

0 32S 

S3 690 

0 0657 

0 687 

256 

1 11 

78 7 

2 

0 290 

6b 370 

0 0321 

0 S68 

203 

1 40 

62 4 

3 

0 200 

52 630 1 

0 0413 

1 09 

161 

1 77 

49 3 

4 

0 232 

41 740 

0 0328 

1 38 

128 

2 23 

39 2 

5 1 

0 207 

33 090 

0 0200 

1 74 

101 

2 82 

31 1 

b 1 

0 1S5 

2b 250 1 

0 0206 

2 19 

SI 

3 54 

24 7 


(Smgle-wire conductors^) 


1 

0 289 

S3 690 1 

0 0657 ^ 

0 673 

251 

1 09 

77 0 

o 

0 258 

66 370 

0 0521 

0 850 

199 

1 38 

61 1 

3 

0 229 

52 630 

0 0113 

1 07 

158 

1 74 

48 6 

4 

0 204 

11 740 

0 032S 

1 35 

125 

2 19 

38 5 

3 

0 1S2 

33 090 

0 0260 

1 70 

99 

2 77 

30 5 

6 

0 162 

26 250 

1 

0 0206 

1 

2 14 

79 

3 48 

24 2 


1 Single Ttires of aluminum are \er> rarely used for overhead conductors 


38. Factor of Safety. Joints and Ties — The use of too high a 
factor of safety is not good engineering, it leads to uneconomical 
and unsatisfactory designs and may even stand m the way of 
progressive development, as mdeed was the case m England until 
qmte recently A factor of safety has little meanmg unless it is 
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considered in connection with what is to bo understood by the 
mavimuni woiking load The practice on the continent of 
America is to estimate the maximum probable load under the 
worst probable wind and ice conditions and provide for a tension 
not exceeding the elastic limit of the 

a i material undei these extreme conditions 

This piactically amounts to a factor ot 
safety of 2, which is sufficient for ovei- 
head conductors, bearing in mind that 
these would not necessarily be injured 
even if stretched slightly beyond their 
elastic hmit The calculation of stresses 
due to ice and wind loads will be taken 

Joints in the conductor are usually 
made with the McIntyre sleeve as 
illustrated m Fig 18 which shows a 
joint in a solid copper wire The two 
ends of the cable are laid side by side 
m the sleeve which is from 20 to 30 m 
long and of the same mateiial as the con- 
ductor Three complete twists are put 
into the joint by means of special clamps 
bolted to each end of the sleeve These 
torsion splices have proved themselves 
entirely satisfactory, but they cannot be 
made easily on very large cables without 
mjury to the stiands Suitable joints 
for large cables have been developed, 
one of these bemg the compression joint 
m which the cable ends are butted 
together in a cast sleeve which is then 
compressed at mtervals along its length 
overhead conductors between specially shaped jaws of a port- 
able hydraulic press The metal is 
caused to flow mto a sohd block which results in a very durable 
and satisfactory joint 

Smgle-wire conductors and the smaller sizes of stranded cables 
supported by pm-type msulators are usually tied to the insulators 
by annealed wire of the same material as the conductor, but of 
smallei diameter. For a No. 4 conductor, a No 6 tie wire would 
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be used Foi laiger conductois, such as No 0 to No 0000, a 
No 2 tie wire would be suitable A desciiption of the various 
ties as used in practice is beyond the scope of this book 

The attachment of the conductor to the lowest unit of a stnng 
of suspension msulatois is usually made by means of special 
clamps Much attention has been given to the design of these 
clamps in order to avoid damage to the conductor through bend- 
ing at or near the pomt of attachment to the msulator Manu- 
factureis’ catalogues should be consulted for particular of the 
latest designs 

Trouble has been expeiienced owmg to mechanical vibrations 
in overhead conductors This is not due to exceptionally strong 
vinds, but occuis where the conditions of weight, stiffness, ten- 
sion, etc are such a to establish a kind of mechanical lesonance 
Vibrations msiy be set up sufficient to cause mjuiy, if not actual 
breakage, near the point of attachment to the msulator clamps 
The mannei m which such injury may be pi evented by attaching 
V eights through flexible fastemngs to the conductor near the 
points of suspension is explamed by G H Stockbiidge m the 
Electncal Wotld of Dec 26, 1925, and June 19, 1926 

39 Stresses in Overhead Conductors — If a wire is sti etched 
between two fixed points A and B lying in the same horizontal 



Fig 19 — Wire hanging between two supports at the same ele\ation 

plane, and sepaiated by a distance of Ht , there will be a certain 
sag of s ft m the wire This sag or deflection from the horizontal 
line AB will be greatest at the center of the span, and its value 
for a given length of span (Z ft ) wiU depend upon the weight of 
the wire and the tension with which it has been drawn up If 
the wire were perfectly uniform m cross-section, inextensible, 
and perfectly flexible, the curve ADB (Fig 19) would be a cate- 
nary It should be observed, however, that m this and subsequent 
diagrams, the sag a is shown much larger relatively to the span I 
than it would be on most practical transmission hues, and as the 
span I IS generally very httle shorter than the length of the wire 
between the suspension points A and B, no appreciable erior is 
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introduced by assuming the weight of the wiie to be distiibutcd 
uniformly along the horizontal Ime ACB instead of along the 
curve ADB On this assumption the curve ADB becomes a 
parabola, and as the calculations are more easily made on the 
assumption of a parabolic curve than with the possibly more 
correct catenary, it is customary to use the formulas relating to 
the parabola for the solution of sag-tension problems On very 
long spans, even with fairly large conductois, the actual curves 
assumed by the wires hanging m stdl air under the mfluence of 
their own weight only will usually approximate more nearly to 
the catenary than to the parabola, and m calculations on very 
long spans, such as iiver crossings with single spans exceeding 
1,500 ft m length, the catenary is the more correct curve to work 
with, but owing to the many more or less arbitrary assumptions 
that must necessarily be made regarding load conditions and 
physical constants, refinements of calculation in these and similar 
engineering problems are rarely justified unless they involve no 
additional time or labor 

In the ai tides immediately following, no defimte shape of curve 
IS assumed foi the form taken by a wire suspended fieely between 
two fixed supports, but the formulas for sag and tension calcu- 
lations are developed by considering the weight of a perfectly 
flexible wire to be distributed uniformly over the straight-line 
distance between the two supports 

40. Graphical Statics Apphed to Transmission Lme Calcula- 
tions. — Consider a mass of any irregular shape, suspended from 
the fixed points A and B by two perfectly flexible ties AC and 
BD, as shown m Fig 20 The total weight may be represented 
by the force Po acting vertically downward through the center of 
gravity 0' and balanced by the forces and Ps m the suspen- 
sion cords Smce the mass is at rest, the total downward force 
Pa may be considered as equal and opposite to the total upward 
force which is the resultant of the forces Pa and Pb in the sus- 
pension cords, and, except for the special case of parallel forces, 
the hnes AC, BD, and O' Pa wdl necessarily meet at a common 
pomt 0 The conditions to be satisfied by a system of forces m 
equilibrium are 

1 The vectonal sum of all the forces and reactions must be 
zero 

2 The sum of all moments taken about any point must be 
zero 
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Condition 1 is illustrated by the closed triangle OPN of Fig 20 
in which the vectors OP, PX, and NO, lespectively, represent in 
magnitude and direction the three forces P 3 , and Pa The 
length MX is a measuie of the horizontal reactions at the pomts 
of support, necessaiily equal, but opposite in direction regardless 
of whether or not the points A and B are at the same elevation 
The vertical component of the reaction at the pomt A is AIO, and 
at the point B, it is PM 



Fig 20 — Mass suspended from tTvo pomts — diagram of forces 


Condition 2 may be illustrated by taking moments about the 
pomt A where the moment due to the force Pa is zero The con- 
dition for equihbrmm at this pomt is, therefore, that the (clock- 
wise) moment of the force P<? acting at the distance AE must be 
equal to the (counterclockwise) moment of the force Pb acting at 
a distance AR Thus 


PgXAE=PbX AR 


whence the tension m the cord DB, expressed in terms of the 
weight Pe, IS seen to be 


Pb=PgX 


AE 

AR 
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Consider now the poition AB (Fig 21) of a peifectly flexible 
wire stretched between two fixed supports which are not neces- 
sarily the points A and B The forces P a ^nd P b will act in the 
direction of the wire at the points A and B or, in othei woids, 
the x'ectors .4P.i and PPs are tangential to the curve formed by 
the suspended wire 

The force of gianty O'W acts through the center of gravity of 
the element of wiie consideied, and all three forces meet at a 
common point 0 The vector diagiam of the component foices 
IS shown m the iight-hand portion of Fig 21 



Suppose the weight TF, the magnitude of the force P^, and the 
angle a to be known, and it is desired to find the magnitude and 
direction of the force Ps From the vector diagram 


whence 


MN = Pa cos a = Pj3 cos jS 
cos a 




To solve for the angle /3 


cos j 8 


tan|3 = 


MP P 4 sin a -f TF 


or 


MN 

tan jS = tan a + 


Pa cos a 
W 

Pa cos a 


which, for the special case of a = 0 , becomes 


(27) 

(28) 
(28a) 


(when a = 0 ) tan /S = -g- (29) 

P A 

If it IS desired to express /3 m terms of Pb mstead of Pa, write 

W 

(when « = 0) sm /3 = 5 - (29a) 

■P B 
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The above foimulas aie geneial and aie independent of the 
exact position of the centei of giavity 0' of the section of conduc- 
tor considered It will be observed, howevei, that in order to 
express the diffeience m level {y) between the two points A and 
B in teims of the kno'^^n quantities (the three forces W, P 4., and 
Pb)j it IS necessai}" to deteimine the position of the foice of 
gra^uty TT" This will depend upon the shape of the curve of the 
suspended wiie, and the problem t^iII be taken up later when 
developing the formulas foi the catenary 
41 Relation between Sag and Tension m Overhead Conduc- 
tors — Consider a wiie suspended between two fixed pomts A 
and B (Fig 22) spaced/ ft apart 
horizontally vith a diffeience of 
elevation of h ft The angle d 
between the straight Ime AB and 
the horizontal is, therefore, d = 

Ji 

tan"*^^ The maximum sag or 

deflection of the wire from the ^ 
straight line AB being always A' 
small relatively to the length I, 
the total weight of the wire is 
assumed to be uV where u = 
weight per foot of length and V = 



Fig 22 — Suspended wire with sup- 
ports at different elevations 


straight-lme distance between the points of suspension There will 
be some point C on the straight hne AB where the deflection (s' = 
CD) of the wiie will be a maximum This will be where the 
direction of the wire is parallel to AB Let P = tension in wire 
at position of maximum deflection Then, taking moments about 

.<-40 X * 


= PX&' 


Taking moments about B, 
^(CB> X 


= PX s' 


Equatmg these two expressions, and notmg that AC = CB = 


1^' = ? , 

2 2 cos 0 

it follows that 


wP 


Maximum deflection (at center of span) 4 ' = 


(30) 
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For the usual condition of suppoits on the same level (oi even 
approximately on the same level), merely put 6 = 0, and the 
maximum sag (at center of span) is then 

wP 


where Ph is the hoiizontal component of the tension 
If S = tensile stress in the material, in pounds pei squaie 
inch of cross-section, and A = aiea of cross-section of conductor 
in square inches, the quantity SA may be substituted for P in the 
above formulas This leads to the expression 

/ w \P 

^ ~ \8a)s 


where I is constant for a given material The numerical value 
of ^ IS seen to be one-eighth of the weight in pounds of 12 cu in 
of conductor matenal, or 1 5 times the weight of a cubic inch. 

Values of k for different 
materials are given in the 
table on page 77 
It IS very raiely necessary 
to calculate the tension at 
any other point than the 
Fig 23-Susp^ded we supports at center of the Span because, 

unless the sag is very great, 
the tension as approximately the same at all points in the 
span The maximum tension occuis at the highest point of 
support where the angle ^ made by the wire with the horizontal 
is greatest The relation between the maximum tension (at 
pomt of support) and the horizontal component of the tension 
when supports are at the same elevation is illustrated by Fig 23 
Considering one-half of the total span, it is seen that the whole of 
the weight of the wire in the half span CB acts vertically down- 
ward at the pomt of support B, whence 



tan^ = ^^ 

which is the same as formula (29) seeing that the weight of wire m 
the section considered is IF = where w is the weight per foot 
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assumed to be unifmmly distnbuted over the straight-Iine dis- 
tance AB The maximum pull at B is 

Ph 


Pb = 


cos fi 


a relation which is gi\ en by formula (27) and illustrated by Fig 
23 

If it IS desired to avoid the use of trigonometrical formulas, the 
tension at the point B may be written 


Pb = . 'Pik- + V 


which simplifies into 

= Pa + (31)^ 

The ratio of maximum tension fat point of support) to the 
tension at centei of span, hen the two supports are at the same 
elevation, is 

^ ^ Pa + ws 
Ph Pa 
8s- 

= 1 + (approximately) (32) 

Example 11 Sag-tension Calculations — Calculate the sag 
(at center of span) of a copper conductor strung between sup- 
ports, at the same elevation, spaced 400 ft apart, given that the 
tensile stress m the material is 28,000 lb per square inch 
Let A be the cross-section of the conductor m square inches, 
then the weight per foot of length is u? = -4 X 12 X 0 32, where 
0 32 IS the weight per cubic mch of copper The tension m 
the conductor is P = 28,000 X A Assume this to be the pull 
at center of span, and by formula (30a) 

A X 12 X 0 32 X (400)2 


s = 


8 X 28,000 X A 


= 2 75 ft 


1 When the quantity 8 is small as compared with unity, it is permissible 
to write 

(1 + = 1 -f md 

w’here m is any number Thus 

(1 + 5 )'^ = 1 +^5 

and if b IS small relatively to a m the expression write 

Va^+r- = oaJi + (^) = “(l +^) = “ + ^ 

which explams how the formula (31) has been obtained 
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It IS assumed that the stiess of 28,000 lb pei squaic inch is 
at the centei of the span because, as pieviously mentioned, the 
stress IS usually appio\imately the same at all points of an ovei- 
head conductor The maximum stiess (at points of suspension) 
IS given by formula (32) thus 

^ = 28,000 + 28,000 X 

= 28,010 6 lb per squaie inch 

which IS sufficiently near to the specified 28,000 lb per square 
inch to justify the use of this figuie foi the stiess at centei of span 

42 Supports at Different Elevations — In Fig 24, the diffei- 
ence in elevation of the supports is h ft The span measuied 
horizontally is Z ft , and the straight-line distance between the 
suppoits A and B is V ft If 6 is the angle which the line AB 
makes with the horizontal, 

^ . A 

tan G = j 

and 

cos 0 == ^ 

The weight of wire per foot is lb , and it is assumed that the 
total weight is wV lb , distributed unifoimly over the straight- 
hne distance V = AB This force acts thiough the point C 
midway between A and B The other known quantity is the 
magmtude (but not the direction) of the maximum tension in the 
wire This is the force Pb acting through the highest point of 
support (B) 

Draw the vertical hne OPq to represent the total force of 
gravity {wV) Through its center C draw the line AB (or a hne 
parallel to AB) making an angle d with the horizontal Then 
from 0 as a center describe an arc of radius OPb equal to the 
known force Pb Its intersection with AC locates the head of 
the vector OPb Complete the parallelogram of forces and 
drop the perpendiculars P^ikf and PbN on to the vertical OPg 
These are a measure of the (equal) horizontal components 
of the reactions at the two pomts of suppoit, and also of the total 
tension m the wire at the lowest pomt D The length MO is the 
vertical component of the reaction at the lower suppoit A , while 
A^O is the vertical reaction at B Their sum is, of course, equal 
to OPg The angle ^ which the vector Pb makes with the 
horizontal is the slope of the wire where it leaves the pomt B 
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The construction as above described satisfies the fundamental 
conditions of equilibrium, namely, that all vertical forces shall 
balance, that all horizontal forces shall balance, and that the sum 
of all moments taken about any pomt shall be equal to zero 
In piactice it is not convenient to solve such problems by 
actual measurement of quantities plotted to scale on drawing 
paper, because the horizontal components of the forces are usually 
veiy much greater than the vertical components. A trigo- 
nometiical solution is, therefore, desirable 
In Fig 24, the known quantities are the two sides OPb and OC 
of the tiiangle OCPb of which the angle OCPb is also known, 
being equal to ^ + 90 deg 



Fig 34 — Diagram of forces — supports at different elevations 

The angle OP^C or <p may be calculated from the relation 
OC orV 

sm ^ ^ sm (90 cos 6 

Jr B B 

— 

and the angle which the wire at the upper support makes with 
the hoiizontal is, therefore, 

^ = 9 + sm-i (33) 

With the aid of tiigonometrical tables or a slide rule, the values 
of sm 0 and cos /? can be obtamed, and the other components of 
the force diagram readily calculated Thus, the horizontal com- 
ponent at either pomt of support, which is also the total tension 
in the wire at the pomt (if any) where the slope is zero, is 
Ph = Pb cos iS 


( 34 ) 
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which IS a particulai foim of the geneial formula (27)' The 
vertical component of the reaction at the highest point jB, where 


this leaction is greatest, is 


Pjiy = NO = Pj sin 

(35) 

The weight suppoited by the lower pole is 


Piy = MO = wV - Pbv 

(36) 


Tbs may, obviously, be a negative quantity, ^ e , the wire may 
e\eit an upwaid pull on the lower support In that case the sag s 
below the pomt A will be zero, and this would coi respond to the 
usual condition on a steep mclme, or on a moderate mcline if the 
spans are short 

Position of Lowest Point of Span Supports at Different Eleva- 
tions — The position of the lowest pomt D in the span will be deter- 
imned by the vertical weight carried by each of the two supports. 
Thus, referring to Fig 24, the veitical component of the forces 
acting at B is simply the weight of that portion of the wire 
comprised between the suppoit B and the point D where the 
tension in the wire has no vertical component The hoiizontal 
distance of the pomt D from B (in feet) is 


Ib 



IP b v 
wf 

Pbv cos 9 
w 


(37) 


Tbs may give a distance for Ib which is greatei than I In that 
case the support A would be the lowest point m the span The 
horizontal distance from the lower point of support (A) to the 
pomt D IS Ia = I — Ibj wbch shows that I a will be a negative 
quantity when Ib is greater than I 
If it is desired to express these formulas in terms of the hoii- 
zontal component (Ph) of the tension, a reference to the force 
diagram m Fig 24 will show that 

P(? = 2 {Pbv — Ph tan $) 

and since Pq = wV, the vertical component of the tension at 
the upper support is 

Pbv ^ + Ph tan 6 
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Substituting in formula (37), 
Similarly 



wV 

m 

wV 


(39) 

(40) 


These foimulas 
metrical tables, 


can be solved without reference to trigono- 

because, although V = — it can also be 
cos 0 


expressed as V = ^ ^ when h is small in relation 

to I 

kP I 

Formula (40) shows that if is equal to the lowest point 

of the wire coincides with the lower support A, while, if the second 
term in the equation is greater than the first, Z 4 is negative, and 
there is a possibility of the resultant upwaid pull on the lower 
insulator at A being gi eater than the downward pull due to the 
weight of the wires in the adjoining span It is well to bear this 
pomt in mind when considering an abrupt change in the grade of 
a transmission hne 

Calculation of Vertical Sag with Supports at Different Elevations 
The maximum sag or deflection at the center of a span, whether 
01 not the points of support are at different elevations, is given 
by formula (30) which was developed in Art 41 When it is 
desired to calculate the vertical sag of the wire below the points 
of support, the formula (30a) as calculated for spans with sup- 
ports on the same level may be used for spans on an mcline, pro- 
vided the distance Is of Fig 24 is considered as half of a level span 
of which the sag is (s + h) Thus, 


Similarly 


(s + h) 


wIb^ 

2Ph cos 6 


2Pn cos B 


(41) 

(42) 


The appearance of cos B in the denominator of formulas (41) 
and (42) is due to the fact that the weight of wire per foot of span 

w 

measured horizontally has been assumed to be ^ 

Example 12 Illustrating Use of Formulas — Consider a span 
of 1,740 ft measured honzontally, with a difference of level of 
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190 ft between points of suppoit The concluctoi is copper cable 
of a cioss-section of 350,000 circulai mils, weighing 1,070 Ib 
per 1,000 ft Calculate veitical and hoiizontal components of 
foices, also sag and position of lowest point of span, if the maxi- 
mum tension in the cable due to its own weight only is 3,580 lb 
The known quantities aie 

I = 1,740 
h = 190 
M) = 1 07 
Pb = 3,580 

The unknown quantities are calculated as follows 

190 

tan ^ = 0 1092 

0 = 6® 14' 
cos 0 = 0 9941 

sm <» = ><J.Z40 _ n or 


= 0 1092 


= 1 07 X 1 ,740 
2 X 3,580 


2Pb 2 X 3,580 “ 
¥> = 15° 4' 

By formula (33) (8 = 0 -f- ^ = 21° 18' 

cos /? = 0 9317 

sin /3 = 0 3632 

By (34) Pa = 3,580 X 0 9317 = 3335 lb 

By (35) Pbv = 3,580 X 0 3632 = 1300 lb 

By (37) 7, . WOOX/iMl . ,207 ft 


= 0 26 


By (41) (s + A) = , . 1 07 X (1,207)^ ^ 

y \ j \ -r j 2 X 3,335 X 0 9941 

Thus the sag below the bottom support will bo 235 — 190 = 
45 ft when the maximum tension is 3,580 lb 
If It IS desired to avoid the use of tngonometiical tables, the 
procedure would be as follows, but the assumption now made is 
that the known tension is the horizontal component or Pi. = 
3,335 lb 

The straight-lme distance between the two pomts of suppoit 

is 1' = VWTh^ = ^ + I = 1^740 + = 1,750 4 ft 

By formula (39) ^ A i,/4U 

7 = 190 X 3,335 

® 2 1 07 X 1,750 4 “ 

h = 1,740 - 1,208 = 532 ft 


and 
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The sag s measured from the lower support is given by formula 
(42) wherem cos 6 can be replaced by ^ Thus, 

107(532)^X 1,750 4 _ 

2 X 3,335 X 1,740 

No high degree of accuracy is claimed for the results of the numer- 
ical examples, the calculations being made on the slide rule 
43 Extra-long Spans. The Catenary Formulas — ^AU the 
formulas developed m Arts 41 and 42 are based upon the assump- 
tion that the weight of the suspended wire is distributed uniformly 
over the straight-lme distance between the two pomts of support 
This assumption is justified because, m practice, the maximum 
deflection of the suspended wire from the straight Ime is only a 
small percentage of the span length It is only when the distance 
between supports is very great, resulting m a maximum deflection 
which IS a large percentage of the total span, that appreciable 
eirors may be mtroduced unless more accurate formulas are used 
The weight of a suspended wire is actually distributed uniformly 
along the wire itself and not along the straight-hne distance 
between the pomts of support, and if m both cases the assumption 
of perfect flexibility is made, the formulas derived foi the straight- 
hne distnbution of load are those of the parabola, while the more 
coirect formulas are those of the catenary 
Although it IS only on very rare occasions that it is necessary 
or even desirable to use the catenary formulas m the mechamcal 
design of electric transnussion Irnes, it seems nevertheless advis- 
able to show how these formulas may be derived Attempts to 
use formulas without knowmg something about their ongm and 
derivation, and without being faimliar with the mathematical 
operations mvolved, will frequently lead to maccuracy m results 
It is, therefore, proposed to develop the catenary formulas m the 
same manner as the formulas based on the parabola were devel- 
oped m Art 41 

The curve m Fig 25 represents the shape assumed by a per- 
fectly flexible wire which is suspended between two fixed sup- 
ports and of which the total weight is w lb per foot of length 
This weight may be that of the wire itself without additional load, 
or it may include an additional uniformly distnbuted load due to 
wind pressure or ice loadmg 

Let 0 be the lowest pomt of the suspended wire, and B any 
other pomt on the curve Smce the wire is assumed perfectly 
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flexible, the foices Ph and Pb act in the diiection of the tangents 
to the cuive at the points 0 and B, lespectively The foice P^ 
will, theiefoie, act in a horizontal diiection which is that of the 
axis OX in Fig 25, while theie will be an angle p between the 
diiection of the force Pb and the hoiizontal 

The weight of the section of wire 0J5 is TF = w\ where X is 
the length of the cuive OB This length of wire is in equilibrium, 
and the thiee foices Pa, Ps, and W will, theiefore, meet at a 
common point M The vector diagram of the thiee foices, 
moieovei, foims a closed triangle as indicated in the iight-hand 
poition of Fig 25 



Fig 25 — Illustrating development of catornary formul is 


A small mcrement of length d\ in the direction of the foice Pb 
leads to an mcrease of the ordinate y of amount 


dy = d\X^ 

^ rfX X ■ 

+ ( §)') 

whence y = + C 

When X = 0, y = 0, therefore C = -(^), and if m is put m 

p 

place of the quantity 2/ + ^ = VX*® + m* (43) 

This relation between the ordinate of the point considered 
and the length of the curve comprised between this point and 
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the point where the tangent to the curv^e is horizontal is illustrated 
graphically in Fig 26 

Draw BT paiallel to the veitical (Y) axis, of length BT = 
y + m = i/m On this line as a diameter, describe the semicircle 
TSB With r as a centei, desciibe an aic of length TS = m, 
thus locating the point S wheie the two aics cross Join BS 
and note that, since BST is a nght-angled tiiangle, with the side 
ST = 771 and the h^^potenuse BT = 77i + y, it follows that the 



Fig 2G — Diagram illustrating formula (43) 


Side SB = \ = length of cuive OB, because this length, as 
expressed by formula (43), is X = {y 771 )- — Note also 

that angle BTS = angle BO'T = p, and tan ^3 = — ^ which 

771 / 

proves the hne SB to be the tangent to the curve at the point B, 
because, from Fig 25, 


tan p = 


w\ 

K 


w\ __ _X 
wm m 


The formula (43) is of little practical value unless the length (X) 
of the wire is expressed m teims of the distance x Returning 
to Fig 25, and proceedmg as in solvmg for y, 



Pk 

ViwKy + Ph^ 
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Dividing numerator and denominator by w, and substituting 


£ Ph 
m for — ; 
w 


dx = d\ 


m 


Thus, 




/ d\ 

+ C] 


when X = 0, X = 0, therefore C = — log. m 
and X = 

In order to solve for X, write 


m 


') 


(44) 


X + Vx^ + 


m 


or mem — X = \/\^ + 

Squarmg both sides of this equation and solving for X, 


. m 
^ “ 2 


which may also be written, 


€m — € m 


X = m sinh — 
m 


(46) 


(45o) 


It IS now possible to express the vertical sag {y) m terms of x 
m by substitutmg for X in formula (43) its value as given bv 
formulas (45) or (45a) Thus 

y + m = Vx^ + 

wherem the value of X^, as given by formula (45a), is smh® 
whence 


m 


y + m 


+ 1 


\ m 

= /cosh!* - 
\ m 

= m cosh — 
m 

y = Jre/cosh ^ 

In exponential form, ' 


(46) 

(46a) 
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wherein e = 2 7183 (approximately) is the base of "the Napierian 
or natural system of logarithms 

To express the tension Pb in terms of Xj m, and w, weTiave, 
from Fig 25, 


but Pk = wm and, from Fig 26, cos S = j — 

X 

Therefore, Pb = + y) = cosh — (47) 


These formulas are easily solved with the aid of tables of hyper- 
bolic functions or of the exponential functions and It will 
be observed, however, that the factor m which appears in these 

p 

formulas has the value ^ and it will, therefore, change with every 

change of tension m the cable when the loading of w lb per foot 
IS constant Notwithstanding the apparent simplicity of the 
catenarj’- formulas, they become cumbersome and unhandy as 
soon as the problem to be solved involves changes of tension due 
to temperature variations Foi spans of ordinal y length, the 
appioximate formulas based on the parabola are to be preferred, 
and, with short spans, the mcreased accuracy of the catenaiy 
formulas is purely h3npothetical because of the practical diflGiculty 
of obtainmg exact values by mterpolation between numbers 
read from tables 

For convemence of reference, the formulas of both parabola 
and catenary have been assembled in the accompanymg table 
Example 13 Illustrating Use of Sag-tension Formulas — 
Consider a copper cable of 350,000 circular mils cross-section 
suspended between two supports on the same level, spaced 
2,000 ft apart The cable hangs under the mfluence of its 
own weight only (no additional load due to wind pressure or ice 
loading) Under these conditions, it is desired to calculate the 
maximum sag (at center of span) when the maximum stress in 
the material is 14,000 lb per square inch 
The cross-section of the cablets 0 275 sq in Therefore, the 
maximum permissible tension (at the points of support) is 

Pb = 14,000 X 0 275 == (say) 3,800 lb 
The weight of the cable per foot of length isw = 1 07 lb 
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\ 

\ 

\ 

\ 


X 

/ 






\ 

Ph* 

■f 



y 


1 

Direttiix > 

f 


Length of cun e from O to B = X* 
eight per foot of cable (including e'ctia load, if any) = w 

Assembled Formulas for S4.g-tension Calculations 


Formula 

number 


Catenary 


Formula 

number 


= m cosh - 
m 


X 4.^ 

’ ^ + 3x 

(approximately) 


y = ml cosh — — 1 J 
Length of cable (0 to B) 

2?/^ . nif rn 7/1 I 

^ 1 T__N ' ' 


= m smh — 
m 


Horizontal component of tension 

/P \ 

Ph - wm, therefore m = ( — ) 
\w J 

= Pb cos j3 = Pjj cos jS 

^ = tan ^ /3 = tan”i - 75 - 

Ph Ph 

-smi^ =sm>^ 

Vertical component of tension at point B 
wx (approx ) Pbv=^w\x 
Pb sm 8 = Pb sm ^ 

Ph tan )3 = Ph tan /3 


= Pb sm 8 
= Pji tan )3 


(31) 

Pb -Ph-V wy 

= “’(S + 

Pb 

(34) 

= -Pl 

cos 8 



= ttJm cosh — 
m 
Ph 
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Solving for the sag {&) with the appro\imate formulas, by 
foimula (29a) 


sm /? = 


U'l 

2Pb 


1 07 X 2,000 
2 X 3,800 


= 0 282 


whence cos 0 = 0 959 

The horizontal component of the tension, by formula (34), is 
Ph = Pb cos 0 = 3,800 X 0 959 = 3,640 lb 
Then, by formula (30a), 


s = 


wV- 

8Pk 


1 07(2,000)2 _ 
8 X 3.640 


Xow check this with the formulas based on the catenary 
Use the figure of 3,640 lb , obtamed from the formulas based on 
the parabola, as a trial value for the horizontal component of the 
tension in the cable, and solve for sag and maximum tension as 
follows 


X = 


span 


1,000 ft 


It' = 1 07 lb per foot 
Pk = 3,640 lb 

= 3,400 


_ 

w 1 07 


X 

m 


1,000 


= 0 294 


3,400 

From tables of hj^ierbohc functions. 


cosh - = 1 04354 
m 

By foimula (46a) 

sag = y = ?7?^cosh ~ l) 

= 3,400 X 0 04354 = 148 ft 

By formula (47), the maximum pull (at pomt of suppoit) is 
Pb ^Pji + toy 

= 3,640 + (1 07 X 148) = 3,798 lb 
This IS almost exactly the specified maximum tension of 3,800 lb , 
showing the assumed honzontal component of tension (P^ = 
3,640) to be correct The maximum sag is 148 ft , as compared 
with 147 ft calculated by the approximate formulas, which 
indicates that, even with this 2,000-ft span, the catenary curve 
approximates so nearly to a parabola that no appreciable error is 
introduced by usmg the formulas based on the parabola. 
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The ma\imum sag oi deflection from the straight line between 

bhe two supports is approximately — — = 7 4 per cent of 

the span If the maximum sag, as calculated by the appioximate 
formulas exceeds 10 per cent of the span length, the calculations 
should be checked with the moie accurate formulas of the cate- 
naiy When the sag is a large percentage of the distance between 
points of support, the formulas based on the parabola no longer 
apply, and the more accurate foimulas should be used 
44. Examples of Extra-long Spans. Maximum Possible 
Single Span — Where power lines cross rivers or other waterways, 
exceptionally long single spans aie sometimes necessary The 
Pacific Light and Power Corporation has a 2,87 1-ft span at 
Sunland, Calif , the conductors consistmg of aluminum wires of 
0 475 sq m total cross-section reinforced by a central steel core 
of 0 062 sq in cross-section Another long single span is the 
Missoun River crossing of the Mississippi River Power Company, 
which IS 3,182 ft long, the conductors consist of copper wires of 
207,600 circular mils total cross-section laid on a central steel 
core of 0 275 sq in cross-section 
The crossmg of the Mississippi River by a single span 4,279 ft 
long with a difference of elevation of 185 5 ft between the two 
pomts of support is described m the Transactions A I E E (Vol 
44, p 378), 1925 This particular long span is also referred to 
by L E Imlay m his article, '^Mechamcal Characteristics of 
Transmission Lmes,’’ Electnc Journal^ December, 1925 
The Cheat River crossmg of the West Virgima-Maryland Power 
Company, at Beaver Hole, consists of a single span 4,317 ft long 
with a difference of elevation of 225 ft between pomts of support. 
The conductor consists of a 19-strand cable with seven strands of 
copper-clad steel for the center core, and twelve strands of hard- 
drawn copper outside A description of this long span by C F 
Sheakley, will be found m the Electrical World of June 21, 1924 
The Pacific Gas and Electric Company's crossing of the 
Caiqumez Strait by a smgle span 4,427 ft long is of particular 
interest because post-type msulators are used, with the porcelain 
m compression For description, refer to the Transactions A I - 
E.E. (Vol 42, p 977), 1923 

The 110,000-volt Ime of the Shawimgan Water and Power 
Company crosses the St Lawrence River by single span 4,800 ft 
long, at a point about 20 miles from Three Rivers, Quebec The 
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supporting towers are 350 ft high and 60 ft square at the base 
Foi details of constiuction, refer to paper by S Svenningson, 
Tmnsachons (Vol 37, part 2, p 1653). 

The 150, 000- volt line of the Knoxville Power Company crosses 
the Little Tennessee River near the mouth of the Cheoah River 
(North Carolina) by a single span 5,010 ft long There are four 
conductors of 500,000 ciicular mils alummum cable with steel 
core J's in in diametei The outside diameter of the cable is 
1 175 in For desciiption, lefer to paper by T Varney, Trans- 
actions A I EE, June, 1920, also L E Imlay, “Mechanical 
Characteiistics of Transmission Lines , Electric Journal, Decem- 
ber, 1925 

The longest power transmission span in the world is 6,240 ft 
long It crosses the Narrows at Puget Sound, Washington, and 
consists of SIX plow-steel cables each of which weighs 11 tons 
These cables form part of two 110,000-volt circuits of the Cush- 
man development (Tacoma) This extra-long span is described 
in the Journal A I E E , p 1296, December, 1925 

The fact that spans exceedmg 1 mile m length have actually 
been erected raises the question of ultimate limits to the length 
of smgle spans An inspection of the formulas giving relation 
between sag and tension will show that, by aUowmg a large sag, 
the horizontal component of the tension (or the tension in wire at 
lowest point of span) may be reduced But when the span is 
very large, the weight of the cable comprised between the pomt 
of support and the lowest point of span may become excessive 
This vertical component of the tension has to be added (vecton- 
ally) to the horizontal component to determine the maximum pull 
(at point of support), and there is a particular relation between 
sag and span which will cause this resultant pull to be a minimum. 
In order to determme this relation, it is necessary to use formulas 
based on the catenary, and it has been shown^ that the minimum 
tension at point of support occurs when the sag is 0 337 times the 
span and the angle which the tangent to the cable at the point of 
support makes with the horizontal is jS = 56 5 deg Under these 
conditions formula (34) gives 

Pa = P^ cos jS = 0 552 P^ 

1 Austin, F E , m Elec Rev , p 4, July 3, 1920 Also Schene£L, H , 
Elekirotechn Zeit , p 720, July 7, 1921 
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Also, by formula (47) 

Pb = Pi + wy 

= 0 552 Pb + w X 0 3371 

1 q*> 

whence I = Pb Thus, if the permissible maximum tension 

IV 

(Ps}\nd the weight per foot of the cable (iv) are known, the 
maximum possible length of span (1) with supports at the same 
elevation is easily calculated 

Consider, for instance, a copper cable in which the woiking 
stress IS not to exceed 30,000 lb per squaie inch and assume that 
the extra load due to wind or ice deposits has the effect of increas- 
ing the weight of the cable 50 per cent If A is the cioss-sectional 
area m square mches, the total permissible tension is Pb = 30,000 
A The weight per foot per inch of cross-section of a stranded 
copper conductor is about 3 88 lb Then the weight per foot of 
the loaded conductoi iS 2 z; = 15X3 88 X-4 The maximum 
permissible length of span is, therefore. 


1 33 X 30,000A 
1 5 X 3 88A 


6,850 ft 


By usmg stronger materials, such as bronze or steel, much longer 
spans aie possible, but unless the natural conditions of the ground 
are such as to allow for the large sag (m this instance 0 337 X 
6,850 = 2,310 ft ), very tall towers would be necessary 
The possibihty of carrying an overhead 130,000-volt line across 
the Straits of Messma, between the island of Sicily and the main- 
land, has been under consideration At the narrowest point, 
the distance is over 2 miles Assume a separation between towers 
of 11,500 ft , and see if a single span of this length would be 
possible There is no doubt that a material of very great tensile 
strength would be needed, because the sag would have to be as 
small as possible, but steel with a breaking stress of 160,000 lb. 
per square inch is easily obtamable The workmg stzess may be 
half this amount, or even appreciably greater before reaching the 
elastic limit Assume the stress m the wire at the lowest point 
of the span to be 80,000 lb per square inch The weight per 
cubic mch of steel is about 0 285 lb , and if the cable is of large 
cross-section, the increased loading due to wind pressure would 
not exceed about 10 per cent Then, if A is the cross-section of 
the wire m square inches, the horizontal component of the tension 
1$ 


Pa = A X 80,000 
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and the weight per foot (loaded) is 

ir = 1 1 X A X 12 X 0 285 = 3 76il 
Then, by formula (30a), the sag would be 

_ 3 76 A (11,500)2 _ 

8 X 80,000 A 

Since this is considerably less than 10 per cent of the span 
length, there is no need to check these calculations with the for- 
mulas based on the catenary 

By formula (31), the maximum pull (at points of suspension) 
is 

= SbX A = (80,000 X A) + (3 76 A X 777) 

when the maximum stress is Sb = 82,920 lb per square inch, 
w^hich IS not excessive It follows that although very tall towers 
may be necessary in order to allow clearance for shipping in addi- 
tion to the sag of (about) 777 ft , the crossing of these straits by 
overhead conductois is not impossible, even if the high cost 
should prove it to be inadvisable from the economic point of view 
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OVERHEAD CONDUCTORS— SA6 AND STRESS CALCU- 
LATIONS {Contmued) 

46. Abnonnal Stresses in Wires Diife to Wind and Ice — 
When a wire hangs between honzontal supports in still air under 
the influence of its own weight only, the tension at center of span 
for a definite distance between supports and a definite sag at 
center will be proportional to the weight per foot length of the 
wire When loaded with sleet or ice, or subject to wind pressures, 
or a combination of both these additional loads, the calculations 
of the proper sag to allow are based on the assumption that the 
weight per foot is no longer that of the wire only, but n times 
this amount, where n is a factor depending upon the character 
and amount of the abnormal loadmg that the wire is l±ely to be 
subjected to 

Ice and Sleet — ^The effect of snow and sleet adhenng to the 
wires and fomung an ice coatmg of vanable thickness is to add 
to the dead weight of the wires and offer an increased surface to 
wmd blowing across the hne Sleet will generally collect with 
slightly greater thickness near the lowest point of the span, 
but it is usual to assume that the eictra vertical loading is um- 
formly distributed pver the whole length of the span Max N 
CoUbohm^ says that m the wmter of 1908-1909, m Wisconsin and 
neighbonng states, the snowstorm of January 28 covered nearly 
all overhead wires with sleet and snow 2}^ to 4 in m diameter 
The temperature went down to 4°F below zero, while a wind 
velocity of 40 miles per hour was recorded These conditions 
were, of course, exceptional, at the same time an average coatmg 
of sleet and snow weighmg lb per foot of wire is not unusual 
A coating of ice thick on wires r unning through districts 
where sleet and low temperatures are common is generally allowed 
for in calculations Sometimes this is increased to a radial 
thickne® of % m Sleet deposits 6 m in diameter have actually 
been observed on some of the steel conductors of the Central 

^Elec. World, p 734, Mar. 25, 1909 
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Colorado Power Company* The weather conditions in some of 
the passes through which this hne is earned are, however, partic- 
ularly severe In New England, a storm of exceptional seventy 
in November, 1921, resulted in sleet formations on the No 2 
B &S solid copper wiies of the Connecticut Power Company's 
lines of which the measured cross-section was from 5 to 6 sq in 

Taking the weight of sleet at 57 3 lb per cubic foot, the total 
weight per foot of the loaded conductor is w + 1 25t(d + t) 
where w is the weight of the wire, t the radial thickness of sleet 
(assumed to be of circular section), and d the diameter of the 
uncoated wire, these dimensions being expressed in inches 
Thus, in the case of a No 0 B & S gage wire, d equals 0 325 
in , and assuming that t equals 0 5 in , the weight of the ice coat- 
ing IS 125 X05X0 825 = 0 516 lb , or about lb per foot 
run, which is a common allowance to make for ice loads on wires 
of average size 

When wires are hung vertically one above the other, m the 
manner frequently adopted in the earher constructions for double- 
circmt hues, there is the possibility of sleet falling off one of the 
lower wires, while the upper wire remams heavily loaded and 
with considerable sag This might cause the lower wire to rise 
into contact with the upper wire With this possibility in 
mind, the disposition or spacing can be made so that short-cir- 
emts due to this cause are not likely to occur 

Sleet storms are not infrequently followed by low temperatures 
and high wmds The loadmg — especially when the conductors 
are of small diameter — ^is then likely to be so great that it may be 
false economy to guard against it by increasing the factor of 
safety Attempts have been made to prevent the formation of 
sleet deposits on overhead power conductors by passing sufficient 
current through them to raise the temperature above that at 
which the deposit wiU form On many systems it is possible to 
increase the current m the Imes by controlling the power factor 
of the load Users of power might assist m mamtaining service 
durmg severe sleet storms by underexcitmg synchronous motors 
connected to the transmission system If sufficient current can- 
not be obtamed by such means, the procedure on systems where 
there is a dupheate hne would be to throw all the load on one hne 
and pass a smtable current through the spare hne which would be 
disconnected from the load and short-circmted at the receiving 
end. 
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JVtJtd Pleasures — The pressures due to winds of high velocity 
acting on poles and wiies in a diiection approximately at right 
angles to the transmission hne are of great importance, both 
where sleet formation is possible, and m districts where sleet 
cannot form In the lattei case, the velocity of the wind is 
frequently greater than in the colder districts, but, on the other 
hand, a moderate wmd acting on the larger diameter of ice- 
coated wires will generally lead to the greatest stressing of 
the conductor material The maximum wind velocities rarely 
occur at the lowest temperatures, but falling temperatures and 
nsmg wind are not unusual after sleet storms In mountainous 
districts a transmission Ime may be subjected at certain points 
to gusts of wind blowing almost vertically downward, the pres- 
sure m such a case, being directly added to the weight of wiie 
and the ice load, may lead to more serious results than an even 
stronger wmd blowing horizontally across the line 
Numerous observations have been made on wind pressuies, 
and it is found that the pressure exerted on small surfaces is 
proportional to the squaie of the wind velocity It will also 
depend to some small extent upon the density of the air, or the 
barometric pressure, but the correction for barometric prcssuie 
IS usually not worth making 

TTiud Velocity— It is well to distinguish between indicated 
and true wmd velocities The U S Weather Bureau obseiva- 
tions are made with the cup anemometer, and wind velocities 
over short penods of time are calculated on the assumption that 
the velocity of the cups is one-third of the true velocity of the 
wind, for great and small velocities alike This assumption is 
not ju<?tifiable, and a correction must, therefore, be made in 
order to convert the Weather Bureau recorded velocities into 
true velocities Unless otherwise stated, when wind velocity is 
referred to, this must be understood to be the true velocity 
Formulas for Wind Pressures . — ^The formula proposed by the 
b S Weather Bureau (Prof C F Marvin), giving pressuie in 
^unds per square foot on small flat surfaces normal to the 
direction of the wmd, is 

= 0004^72 

where 5 IS the barometnc reading m inches, and V is the wind 
velocity m miles per hour. 
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A similar formula, known as Langley ^s formula, is 

= 0 00361^2 


In the case of cylmdrical wires, the pressure per square foot 
of projected area is less than on flat suifaces The formula 
pioposed by H W Buck^ and generally conceded to be correct is 

F = 0 002572 (49) 

wheie F is the pressuie per square foot of projected surface of a 
cylindrical wire A more convement form of expression for this 
relation is 


5,000 


(50) 


wheie p is the pressure per foot length of the wire and d is the 
diameter of the wire in inches, and the denominator, although 



not exactly as obtained from Mr Buck^s equation, is an easily 
remembered round number, which is very close to the average 
of many experimental results The upper curve in Fig 27 
has been plotted from Mr Buck’s formula for cylmdrical wires; 
while the lower curve for pressures on flat surfaces gives the rela- 
tion between pressure and wmd velocity accordmg to Professor 
Langley’s formula 

Relation between Wind Telocity and Height above Ground — 
Owmg to the resistance offered by the ground surface, the force 

^ In pai>er read at the World’s Fair, St Louis, 1904 
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of the \^incl is not so gieat neai the giound as at high altitudes, 
and greater maximum ivind pressures on wires must be allowed 
for when the hne is earned on high steel structures than m the 
case of the ax'erage wood-pole line, as used for the lower voltage 
transmissions 

F F Fovle^ has given valuable particulars based on maximum 
■Rind x’eloeities at different elevations, observed in Chicago 
It would appear, from his measurements, that if the maximum 
Rind velocity is 35 miles per houi at an elevation of 30 ft above 
ground, the maximum -wind velocity m miles per hour would be 
about 55 at 100 ft , 80 at 200 ft , and 100 at 280 ft above ground 
lei el 


Mr Fowle suggests that overhead hne calculations might be 
based on a maximum wmd velocity of 47 miles per hour for 
ordmary steel tower construction, and 40 rmles for wood-pole 
Imes These are probably safe hmits, especially m climates 
where this ma x imum wmd pressure is considered as acting on 
lee-coated wires In exposed positions, and where the hne luns 
through wide stretches of open country, it is well to allow a 
maximmn of 60 for steel tower hnes, and 50 for wood-pole lines 
A very complete collection of 'wmd-pressure formulas and 
recorded wmd velocities at different elevations will be found m 
the paper by C F Elwell m the Journal of the (British) Institu- 
tion of Electncal Engmeers, of March, 1923 (Vol 61, p 407) 
This paper has particular reference to the proper allowance for 
wmd pressure m the design of tall steel towers 
^ For the purpose of estimatmg the probable maximum stresses 
m wi^ and supportmg structures, three classes of loading are 
considered m America, the selection of any one as the basis for 
calculations dependmg upon the locahty 

Class A • Temperatime O^F , no ice deposit, wmd pressure 15 lb 
per square foot of projected area 

B, Tem^rature 0=F , ice coatmg H m radial thickness; 

wind pressure 8 lb per square foot of projected area of ice-coated 
Wire. 


Class C: Temperature 0“F , ice coatmg ^ in 

wmd pressure 11 lb per square foot of projected 
wire. 


radial thickness, 
area of ice-coated 


J “A Study of Sleet Loads and Wmd Velooitiea,” Elec W<rrld, Oct 27 , 
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A safety factor of 2 is usually allowed for wires, and 6 for wood 
poles ^ 

In Great Britain it is usual to base calculations on a 
temperature of 22°F , an ice coating of ^ 2 idl radial thickness 
for high-voltage lines, in radial for low-voltage lines, and a 
wind pressuie of 8 lb per squaie foot on the projected aiea 
of the ice-coated wiies The factor of safety for conductors is 
2, for wood poles 3 o, and for steel structures 2 5, based upon 
the elastic hmit of membeis in tension 01 the cripplmg load of 
members in compression 

In nearly all countries special lules and regulations apply to 
crossings of mam roads and railway hnes where extra safety is 
required There are also districts, especially at high altitudes in 
mountamous country, where exceptionally severe weather condi- 
tions render higher factors of safety desirable 

Swaying of Wires in Strong Winds — If a transmission hne is 
well designed and constiucted, all the wires of one span will 
generally be found to swung sjmchronously m any wund Under 
exceptional conditions, however, trouble is hable to occur through 
wires swingmg together, even when all details of design and con- 
struction have received careful attention Troubles of this 
descnption are more likely to be met with when the spans aie 
long and the sag m the wiies necessaiily large, and for this 
reason the spacing between wires must mcrease with increase of 
span length, irrespective of voltage considerations Copper 
conductors are decidedly less likely to swing out of sjmchromsm 
than aluminum conductors, not only because the latter have 
usually to be strung with a greater sag, but also because of the 
lightness of the material Aluminum conductors of small sec- 
tion are easily shaken by sudden gusts of wind, and a little 
dififeience m sag will m all probability lead to non-s^mchronous 
swingmg It must not be overlooked that wiies, after erection, 
do not always remain equally taut This may be due to many 
causes, such as a slight slippmg m the ties, straining of insulator 
pins on cross-arms, unequal ice loading, or local faults in the 
wires themselves Again, it has been observed that during 
snowstorms all the wires do not always become coated to an 
equal extent, and such a want of umfoimity the ice coating 
may well lead to wires bemg blown together in a strong wmd 

1 Refer to Art 65 m Chap VI for discussion of the expression “factor of 
safety “ as applied to steel toweis 
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<Jn the high-tension tiansimssion system of the Central 
Colorado Povver Company, Tvith spans avei aging 730 ft, the 
Lne^ cross some teiy exposed positions at the openings to can- 
yons, and the excessivelj" strong winds that occur at such points 
iia\e been knotvn to mix up the conductors It was found 
recessan to dead-end the hne at each tower, guy the towers, and 
increase the tension m the wiies to a point near the elastic limit of 
the material, steel bemg used vvhere necessaiy in lieu of copper 
46* Calculation of Total Stress in Overhead Wires — The 
formula 30a ' of Art 41 gives the relation between tension, sag, 
and weight for a wire strung between supports a known distance 

apait Thus, if the tension P is known 
or assumed, the sag can readily be cal- 
culated Now considei how this ten- 
sion can be computed, not only when 
the wire carries an inci eased vertical 
load in the form of ice deposit, but 
also when the effect of wind blowing 
across the hne increases the total 
stress If w is the weight per foot of 
the conductoi without the extra load 
due to wind and ice, write nw for total 
loadmg m pounds per foot run of the 
wire, where n is the loading factor which 
takes account of the extra load on the wire under the most severe 
weather conditions likely to be encounteied in the district wheie 
the transmission hne is erected 

It IS usual to assume that the wind pressure acts in a hoiizontal 
direction and that the total load on a conductor is the resultant 
of two forces, one actmg vertically downward due to weight of 
wire together with added weight of sleet or ice, if any, and one 
actmg horizontally due to the wmd piessure These forces are 
indicated m Fig 28 where OF = p repiesents the wind piessure, 
OW = w the weight of the conductoi, and WS the added weight 
of ice The resultant pressure OR is equal to ^/{OFY + {OSy. 
If the hne runs through a country wheie sleet does not form on 
the W'lres, the maximum resultant pressure is OQ instead of OP if 
the ^imed maximum force due to wind is the same in both cases 
The diagram Fig 29 gives value of the multiplier n {i e , the 

ratio of Fig 28) corresponding to various wind velocities for 


0 (P) F 



Fig 2S — Diagram of forces 
acting on o\erhead -wire 
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standard sizes of solid copper conductois on the assumption 
that there can be no ice formation on the wires, while Fig 30 


0001 u 



the weight is mcreased by a coating of ice 0 5 in thick with a 
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correspondingly greater wind effect due to the increased diameter 
The cur\"es of Figs 31 and 32 gi\e similar lelations but foi 
conductors of aluminum instead of coppei 
The foimula used for the calculation of wind pressuie m con- 
nection with these diagrams is 

p ^ (d + 2t)V^- - 4,820 

where d is the diameter in inches of the conductor, t is the ladial 
thickness of ice deposit (if any), T" is the actual wind velocity in 
miles per hour, and p is the wmd pressure m pounds per foot 
length of conductor 

This IS the more correct form of the foimula (50) already 
given When using the diagrams, it should be noted that the 
distances plotted hoiizontally lepiesent the squares of the v,md 
velocities, and the sizes of the conductors are expressed m equiva- 
lent B & S gage numbers or in ciicular mils for the largei sizes 
The cuives of Fig 29 aie coriect for sohd copper wires, the 
values of n for stianded conductors would be somewhat gieatei 
because of the laiger surface presented to the \vT.nd foi the same 
vertical loadmg The error mtroduced by using Fig 29 foi 
stranded cables is not of great practical importance 
The curves of Fig 31 aie appioximately correct for stianded 
aluminum conductors, but smce the actual diameter will var^" 
with the method of stiandmg, these charts are intended only foi 
the use of practical engmeers who are not mterested m mathe- 
matical niceties The calculations on the basis of the assump- 
tions previously made are, however, veiy simple Thus, if 
oi stands for the angle SOQ or SOR as the case may be (see Fig 
28), write 

, horizontal loading 

tan Oi * 1 1 1 

veitical loading 

whence a and, therefore, sec a can be obtained from tngonomet- 

ncal tables This last quantity being the ratio 

IS the required factor n when ice loading is not considered 
The correction to be made when the vertical load includes ice 
deposit IS simple and obvious 

The special case of sohd wires without ice coatmg can be 
treated as follows 



no 
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Wind pressure per foot length 


dV^_ 

4,820 


Veitical load per foot length (coppei) w = 3 02d^ 
Vertical load pei foot length (aluminum) w = 0 92d^ 


n 


+ p^ _ /j , 

w \ 


\\ hence, for solid ^iies without ice deposit, 


( 51 ) 


« (for taummum) - x 1,^5 X W (*3) 

Example What is the ratio of the resultant load with actual 
wmd velocity of 70 miles per hour, to normal load with wire 
hangmgmstillair,mthecaseofaNo 6B &S copper conductor? 
The diametei is d = 0 162 m , and by formula (52) 


\ ^ (0 162)2 X 21,200 X 10^ “ ^ 

When an overhead wire is loaded with ice or subjected to strong 
winds blowmg across the line, the effect on the tension and maxi- 
mum sag is the same as if it were replaced by another wiie sus- 
pended m still air (without ice coating) but weighmg nw lb per 
foot mstead of w lb per foot The sag s expressed in terms of 
the span I and the horizontal component of the tension Pk is, 

wnP 

which becomes the formula (30a) of Art 41, Chap IV, when n = 1 
Similarly the general form of the formula (306) is 

knP 


where S is the stress in pounds per square inch in the wire 
Although these relations between sag and tension or sag and 
rfress are extremely simple, the calculation of the sag resulting 
from wmd once loadmg m a particular span of wue suspended 
from two fixed pomts is not easy. An mcrease of load per foot 
length of wire from w to nw lb produces a certam elastic length- 
e^g of the we which determmes the resulting sag and, there- 
ore, the reacting tension If there were no elastic elongation, 
the sag would remain unaltered, and the stress or tension would be 
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n times as gieat in the loaded as m the unloaded wire The fact 
that account must be taken of the lengthening of the wire with 
inciease of stress tends to complicate the problem Smce changes 
of temperatuie affect the length of the wire and, therefore, the 
sag and tension much in the same manner as changes of loadmg, 
the solution of the problem will be considered in connection with 
the effects of tempeiature variations 
47. Effect of Temperature Vanations on Overhead Wires — 
If a is the temperature coefficient of the matei lal of the conductor 
(see the table of constants in Chap IV, p 77), then the length 
of the wire when the temperature is raised t degrees is 

= Xod + at) (54) 

in which \o IS the original length of the wire Formulas for 
calculating the length of the wue in an overhead hne, whether 
considered as taking the shape of the parabola or catenary, were 
given in Chap IV (refer to collected formulas on p 1(X)) 
The approximate formula for the length of a parabolic arc is 
sufficiently accurate for practical purposes, and the length of 
cable in a span between fixed supports I ft apart may be calculated 
by the formula 

X = z+^' (55J 

where s is the sag at center of span, in feet 

If it IS desired to ehminate s (the sag) from the formula, this 
quantity may be expressed m terms of the tension Ph or the 
stress S By makmg the necessary substitutions, 

-/,273 

X = z + (55a) 

and 

X = Z + (556) 

The foimula (54) giving the increase of length with increase of 
temperature assumes that the wnre is unstressed, or that the 
stiess remains unaltered notwrithstanding the increase m tem- 
perature This, however, is not the case with an overhead 
conductor As mdicated by formula (30a), the tension in a wire 
suspended horizontally between two fixed supports is almost 
exactly proportional to the square of the span and mversely pro- 
portional to the sag at center of span The effect of temperature 
variation is to alter the length of wire and, therefore, the amount 
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oi >dii and tenfcion With a i eduction of tempeiatuie, the length 
of wire will deciease, this will cause an inciease m the tension, 
but ow me to the fact that the wire will stretch under the influence 
of the increased tension, the sag at the lower temperatures will 
be «!omewhat greater than it would be if there were no elonga- 
tion of the wires with increase of stress All sag-temperature 
calculations, whatever the method adopted, must, therefore, take 
into account not only the effect of elongation with increase of 
trmpeiatuie, but also the effect of the elastic contiaction of the 
wire with increase of sag 

It P is the tension in a wiie of cioss-section A, and if E is the 
elastic modulus fas given foi vaiious materials in the table on 
p 77 then the elongation of the wire due to the tension P is 


AX 


P X X 
AXE 


the oiiginal length of the unstressed wire being X 
p 

If mstead of -r the letter S be used to denote the stress in 
A 

pounds per square inch of cross-section, the foimula becomes 
AX = X X I (56) 

It IS customary to assume that the material of the conductor 
IS perfectly elastic up to a certam critical stress known as the 
elastic limit that is to say, if the apphcation of a ceitain stress 
produces a stram represented by AX, it is assumed that, on the 
removal of the stress, the conductor will contract to its original 
length X, and that this process of elongation and contraction 
follows a straight-line law This is not scientifically correct, 
because, on removal of load, the amount of contraction is not 
directly proportional to the decrease of stress, but the depart- 
ure from the straight-hne law is not considerable, and no serious 
error is mtroduced by disregarding refinements of this natuie 

A matter of greatei importance is the fact that, when stranded 
conductors are used, the ratio between stress and strain is not 
correctly given by the modulus E as calculated from tests made 
on sohd wires The modulus for stranded cables w ill depend 
upon the number of strands, the ^Tay'^ of the strands, whether 
the central core is of metal or hemp, etc , and it should be deter- 
mined by actual tests on samples of the completed cable, but 
smce It will depend largely on the stress to which the cable has 
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been subjected, and will ultimately differ little from the coeffi- 
cient for solid \Mres, it is usual m sag calculations to use the same 
value of E for both solid and stranded conductors 
48 Calculation of Sags and Tensions under Any Conditions 
of Load and Temperature — It is assumed that the conductor is 
strung between two fixed supports on the same level, and that 
the material of the conductor is not stramed beyond the elastic 
liimt The meaning of the s;^Tnbols used is as follows 

I = length of span, or stiaight-lme distance between points 
of suppoit, in feet 

5 = sag or deflection at center of span, in feet 
S = stress in conductor at lowest point of span, in pounds 
per square mch of cross-section 
X = length of conductor between the two points of suppoit 
t = temperature, in degrees Fahienheit 
a = coefficient of hnear expansion of the conductor per 
degree Fahrenheit 

E = modulus, or coefficient, of elasticity, being the ratio of 
stress m pounds per square mch to corresponding exten- 
sion per umt length 

w = w^eight of conductor m pounds per foot of length 
n = loadmg factor, bemg a multipher depending upon 
weather conditions (wind and ice) and the matenal and 
size of the conductor (defined m Art 46) 
wn = resultant or total load m pounds per foot length, 
mcludmg wmd pressure and ice (if any) 

^ = a constant dependmg upon the matenal of the conduc- 

w 

tor. It IS equal to ^ or to 1 5 times the w^eight in 

pounds of a cubic mch of the conductor material 
= known or assumed values of stress, temperature, and 
loadmg factor, upon which calculations for different 
conditions of temperature and loadmg are based The 
other known quantities are, by formula (306), 


3^Sc = and by formula (55), 

Oc 


Xc - z + 


Numerical values for the quantities a, jE, and h will be found m 
the tables of physical constants (pp 77 and 80) 
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With an mciease of tempeiatuie from ic to t, a wire of length 
X ft will mciease in length by an amount 
AXc = a(t - ft 

With an mciease of stress from Sc to S lb per square inch, a 
wire of length X, ft will increase m length by an amount 

AX, = 

The rebultmg total extension when a wire is subjected to 
change of tempeiatuie and change of tension is, therefore, 

X - Xc = Xc[a(^ - to) + - ^ ] 

In order to obtam an equation expressing the sag in terms of 
temperature and loadmg conditions, make the following 
substitutions 


By formula (55) 




By formula (306) 


The equation may then be written 

Z + -^-X, = X,a(f-0+-g-(- 

In order to solve for the new sag (s), multiply both sides of the 
Zls 

equation by and collect together all the terms containing s 
The equation then takes the form, 

\ 7 I l^XjCTlc'] 


PXjoricl SPXckn .--s 

‘ ‘ - « - -srJ ■ IS- 

The only unknown quantity m this equation is s, and a solution 
may be obtamed by tnal for any desired values of the new tem- 
perature (Z) and the new loadmg factor (n) 

A more convement form of the equation (57) may be obtained 
as follows Note that the quantity Xc — Z may be replaced by its 
85 ^ 

equivalent also that no serious error is introduced by sub- 

stitutmg I for Xc m the three remainmg places where Xc appears 
m the equation This is because of the small difference between 
the lengths X^. and I when the sag is small relatively to the span Z 
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After making these substitutions, it vv ill be found that the 
equation connecting sag, temperature, and loading may be wiitten 
as below, a form which is better adapted than equation (57j to 
the solution of practical problems 


(i- t., . - 2 ) (58J 

This equation is of the form, 

(i - L) = A(s^- -sA)+ S(- - -) (58a) 

where the known quantities aie U, n, yic, % and 


and 


A 


8 

3aZ2 


B == 


Mi 

Ea 


For every assumed value of f the correspondmg value of s may 
be calculated, but by fai the quickest way of obtammg a solution 
is to assume values of s which do not differ very much from the 
known sag and then solve foi the change of temperature 
(t — tc) It may be well to pomt out that smce equations (57) 
and (58) are both based on the assumption that the suspended 
cable takes the form of a parabola, they are not apphcable to the 
special case of a cable havmg a veiy large sag relatively to the 
span Equation (58) is sufficiently accurate for the solution of 
nearly all piactical pioblems If the sag is large m relation to 
the span, equation (57) will give more accurate results If 
the sag or deflection at center of span exceeds 10 or 12 per cent 
of the distance between supports, an accurate solution can be 
obtamed only by usmg the formulas based on the catenary 
Even m that case a sa^ung of time will usually be effected by 
usmg equation (58) m the first mstance and then checkmg results 
with the catenary formulas 

Example 14 Calculations for Sag-temperature Chart for Use of 
Construction Engineeis in the Field — The given particulars are 
as follows 

Horizontal span, I = 480 ft , with rigid supports on the same 
level 

Conductors, stranded aluminum No 00 B & S 

Maximum stress, Sc = 14,000 lb per square mch, with a 
combmed load of 0 5-m ice coatmg and 47-mile wmd at a tem- 
perature te = ~20°F 



122 ELECTRIC POWER TRANSMISSION 


The other numencal quantities needed for solving equation 
(oSat are obtained as follows 

Lmdixg Factois — The square of the wind velocity is = 
/47r = 2.210, and, from Fig 32, = 8 The value of the load- 

ing factoi under noimal conditions when the wires are being 
erected no ice or w ind) is w = 1 

Sag Hudei Maximum Load Conditions — By formula (55), 

0 148 X 8 X (480)^ _ in k ff 
Sc ~ 14,000 


\ihere the figure 0 148 is the value of the coefficient k obtained 
from the table of physical constants on page 77 Other needed 
constants, taken from the same table, aie 


and 

whence 


and 


a = 12 8 X 10-« 
F = 9 X 10® 


A 


8 X 10® 

3 X 12 8 X (480)^ 


= 0 905 


B 


0 148 X (480)2 X 10® 
9 X 10® X 12 8 


296 


Assume any value for s which does not differ very much from 
Sc Trj' i = 18 5, then, by equation (58a), 

a -tc) = 0 905(1^' - 195') + 296(~ - 
whence 

^ = 71 - 20 = srF 

Similar calculations made for other assumed values of s give the 
following results 

men s = 16 5 ft, t =- -14®F 
When s = 18 5 ft , ^ = +51°F 
When s = 20 5 ft , ^ = +123°F 

These results have been used m plottmg the curve of Fig 33, 
which gives the men m the field all needed information for the 
correct stringing of the conductors whatever may be the tempera- 
ture at the time when the work is carried out The figures on 
the curve, indicating tension in the wire, have been calculated by 
formula (30a). The weight per foot of the conductor (w in the 
formula) is obtained from the table on page 81, where -u; = 0 125 
for a stranded No 00 aluminum conductor 



0\ ERHE iD CU.\DU(rORS 


123 


When the spans aie short, the sag, under all temperatuie con- 
ditions, IS very small, and it is more convenient to disregard the 
sag, and meiely pull the wires until the required tension is indi- 
cated on a dynamometer A suitable chart for such work is 
shown m Fig 34, from which the pioper strmgmg tensions at 
different temperatures may be read 
Example 15 lllustiatiyig Sag-tempa atw e Calculations — Con- 
sider a seven-strand No 00 B & S gage steel-cored aluminum 
conductoi suspended between two fixed points (at the same eleva- 



17 17 5 IS IS 5 19 19 5 20 

Sag at Center of Span (Feet) 

Tig 33 — Sag-temperature curve illustrating E'^ample 14 

tion) With a distance between them, I = 400 ft It is specified 
that the tension in the cable must not exceed 3,000 lb at a tem- 
perature of 0°F with an ice covermg of m radial thickness 
and a wmd pressure of 8 lb. per square foot of projected area 
The problem is to calculate (a) the wind velocity at a temperature 
of — 20°F which will produce the same maximum tension when 
there is no ice deposit on the conductors, and (6) the temperature 
at which the unloaded wire, hangmg m still air, will have the 
same sag as under the specified conditions for maximum loading 
atO^F 

Solution {a) — ^If the loadmg factor n which will make the 
tension the same as in the ice-coated wire can be calculated, it 
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The numerical \alue for a is 10 5 X lO"* as given in the table 
of ph\ «ical constants foi steel-cored alummum conductors (p 80) 
Thus' 


w hence s = 4 12 , which makes it possible to calculate the loading 
Yh 3 5 

factor because ~ 5 ^ 44 ’ whence n = 2 65 

The wind velocity which wiU have the effect of making the 
total load on the wire 2 65 times what it is when there is no wmd 
may be calculated by formula (51) if the horizontal component 

of pressure is put in place of p Thus 

9A. _ li ! ( 

-bo \^0 233 X 4,820/ 

whence T" = 74 miles per hour (approximately) 

The answer to part (a) of the pioblem is that a 74-mile wind 
blowmg across the Ime when the temperature is — 20°F will 
stress the matenal to the same extent as the combined effect of 
14 m ice deposit and a wmd pressure of 8 lb per square foot 
(about 60 miles per hour^) actmg on the ice-coated wires at a 
temperature of 0°F 

Solution (b) — Refemng agam to formula (58a), smce there is 
no change m the sag, the first term on the right-hand side of the 
equation becomes zero, and since n = 1 , 


which can be solved for t 

IP g 

Substitutmg for — its equivalent 

Ue 


t = 


Sc 


aXE 




where Sc is the stress m pounds per square inch under loaded 
conditions The total cross-section of the cable is % X 167,800 

= 196,000 circular mils, or 0 154 sq in , whence Sc = = 

0 164 

19,500 lb per square mch The modulus of elasticity (E) may 
^ Read off Fig 27, p 109 
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be obtained from the table of physical constants on page 80, 
wheie its numeiical value is given as 12 X 10® Thus 


i = 


19,500 X 10® / __ _1 \ . 

10 5 X 12 X 10®V 3 5/ 

no 5°F 


This IS a temperature \\hich the wire will rarely, if ever, attain, 
but there are instances — especially m connection with aluminum 
conductors without steel cores, — ^where the summer sag (without 
wmd) IS greater than the maximum deflection of the loaded con- 
ductor under storm conditions at low temperatures 
49. Sag-temperature Calculations with Supports at Different 
Elevations. — The manner in which tensions and sags can be 
calculated for wires suspended between supports at different 
elevations was explained in Art 42, Chap IV, but the main 
concern now is the effect of temperature variations on the sag 
(and tension) of a particular span 



Fig 35 — Wire hung between supports at different ele\ations 


Consider, m the first place, the arrangement illustrated by Fig 
35, where the relation of length of span to difference of elevation 
IS such that there is a sag s of the wire below the level of the 
lower support A It is desired to determine the manner m which 
the vertical sag s vanes with change of temperature Usually 
the required tension m a wire at the time of strmgmg is deter- 
mined by the maximum possible tension under conditions of 
greatest loadmg, z e , at low temperature with strong wmd 
blowmg, and mcludmg ice deposit m distncts where ice may be 
expected The charts prepared for the engmeers erectmg the 
conductors assume no ice loadmg and usually no wmd, so that 
it IS convement to calculate m the first place the temperature at 
which the sag will have some particular value after the abnormal 
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loading due to ^vmd and ice (if any) has been removed The 
calculations are simplified by assuming the same sag (oi deflec- 
tion at center ot span) as when the Tviie is subjected to the maxi- 
mum loading This is what was done for a span with supports at 
the ^dme eletation in Soluhoyi (b) of the precedmg Example 15 
The writei has found this method very useful in simplifying 
calcuIation«i and mstead of using formula (57) or (58) as a start- 
ing point, the same result will be obtained by a step by step 
proce^is of reasoning which is easy to follow 
The relation between sag and stress, as expressed by formula 
306), IS 



s 


when a vnre hangs between supports I ft apart m still air The 
general form of this equation is 





where is w hat has been defined as the loading factor It follows 
that if there is no change in the sag, the tensile stress S in the 
material will be n times as great when the wire is loaded than 
when this load is removed Obviously, this simple ratio between 
tensions does not hold unless the temperature of the wire is increased 
60 that its length remains unalteied 
Let tj be the temperature at which the loaded conductor is 
stressed to the maximum working hunt of Sm, lb per square 
mch of cross-section When the temperature is raised from U 
to / °F , the inciease of length due to change of temperature is 

AX = \a{tc — to) 

and the decrease of length due to elastic contraction with reduc- 
tion of stress is 

AX = - i) 

For the condition of no change m length, 2 e , constant sag, it is 
necessarj^ merely to equate these quantities and solve for t, 
Thus, the temperature at which the unloaded cable will have the 
same maximum deflection as the loaded cable at a lower tempera- 
ture L IS 
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The cur-ves of Fig 36 give approximate values for — U 
calculated by formula (59) for different matenals and loading 
factors 

Example 16 Sag-temperature Calculations with Suppoits at 
Different Elevations — Suppose the given data to be as follows 
Conductor, No 4/0 stranded copper 



(U 0 2 03 0 4 0^ 0.6 0.7 OS 0.9 LO 

Batao -^(beuiff reaprocal of multipber n ) 

Fig 36 — Chart for determining temperature (te) at which unloaded wire has 
same sag as loaded wire at temperature U 


From table, page 81 

Modulus of elasticity, £? = 15 X 10® | From table, 

CoeflBicient of linear expansion, a = 9 3 X 10"® 1 page 77 
Maximum permissible stress, Sm = 28,000 lb per square inch 
with ^ ice deposit and 55-mile wmd at 22®F 
Horizontal distance between pomts of support, I - 1,000 ft 


Cross-sectional area, JL — 0 1662 sq m 
Weight per foot run, w = 0 647 
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Difference of ele\ation {k in Fig 35) = 30 ft 
On account of the small difference of elevation compaied with 
the span length, it is permissible to consider the straight-lme 
distance I' between points of support as bemg the same as the 
hoiizontal distance Actually,* 


but the correction is not worth making m this instance Note 


Scale of Tension (Pounds) 



Fig 37 — Sag-temperature curves illustrating Example 16 


also that, for the same reason, namely, because cos $ is very 
nearly umty, the horizontal component of the tension is very 
nearly equsd to the tension m the direction AB (Fig 35) No 
appreciable error will be introduced by assuming the horizontal 
component of tension under conditions of maximum load to 
be P* = 28,000 X 0 1662 = 4,650 lb The loadmg factor, as 
read off Fig 30 (p. 113), is approximately n = 2 5 therefore, the 
tension in the wire at the temperature tc when the wire hangs 
^ See footnote on p 89 
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freely without additional loading but with the ^ame sag as under 

maximum load conddions, is Pc = = 1,860 lb 

The increase of temperature which will bring about this condi- 
tion, as read off Fig 36, is approximately (te — U) = 117°F , so 
that the actual temperature would have to be 117 +22 = 139°F 
Since this is a very high tempeiature, the tension in the unloaded 
wiie will usually be greater than 1,860 lb and three arbitrary 
values will be assumed for Pa, namel}' 2,000, 2,100, and 2,200 
respectively, and then the corresponding sags will be calculated 
by the step-by-step method followed in the accompan^’ing table 
The curves of Fig 37 give the results of the calculations in 
giaphical form In piactice, the deflection s' at center of span 
IS easily measured by sightmg between tw^o points on the suppoit- 

mg: towers r ft below the points of attachment of the wnre 

^ cos 6 

Numerical Example 16 Calculation’s for Sag-temperature Curaes 


a Assumed tension P in direction 4S , P l.soO *2 OOO |2 100 12 200 

L tancmn I ^ 


6 Honzontai component ot tension 
Ph ^ P cos e (approximatelj equal 
to P m this example) 
c Maximum deflection from straight line 

■IP Formula (30), s' = ““ 

! 

1 

1 S<jO 

1 

2 000 

1 

2 100 1 

1 

2 200 

81,000 . 

Ph 

d Bj formula (40), 

U = &uo 0 647 X 1.000 

43 5 ! 

40 5 

i 

3S G 

I 

1 

30 S 

_ 500 -5f^ft 

e \ertical sag by formula (42), 

413 5 1 

I 

1 407 

1 

402 3 

397 7 

^ 23 2 

s = 0 323^^ ft 

/ Length of vtire, bj formula (55), 
X = Z' + (approx ) 

29 7 ' 

' 2G S 

1 1 

24 9 

1 


_ 1.000 ft 

X« = 1,005 05 ' 

A 004 3S 

^1 003 97 

1,003 G1 

g Total elongation, X — X< ft 
h Elongation due to stress sanation 
by formula (5b), substituting V for X, 

vrp-p<\ 

i Elongation due to change of tempera- 
ture = (ff) — \h) ft . 

j Increase of temperature (t — te) =• 
Item W _ j 07 g (ap. 

0 

[ -0 07 

1 

1 -1 OS 

-1 44 

0 

t 0 05b 

j 0 09b 

0 13G 

0 

, -0 72b 

! 

1 - 1 17b 

-1 57b 

o X X 

proximately) , 

^ Temperature f ^ te + (j) ^ 139 + (j) I 

O^F 

te = 139°F 

-78®F 
j bl°F 

- 126®F 
li°F 

\ 

~1C9«F 
- 30®F 


Example 17 Short-span Line on Steep Incline— When a 
transmission lino is run up the side of a hill, and the difference in 
elevation of the successive supports is large m comparison with 
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the span, the i-ag-tempeiatuie cuives based on the assumption 
o* supports on the same level are no longer applicable The man- 
nei in which coiiect sag-temperatuie cuives may be calculated 
for a line on a ‘=!teep mclme is illustiated by the followmg numeri- 
cal example 

Gnen Conductor, No OB & S solid copper 
Diameter, d = 0 325 m 
Cioss-section, JL = 0 083 sq m 
Weight of wire per foot run, -u; = 0 32 lb 
Maximum tension m wire = 915 lb ^ 

Wmd velocity, 78 miles per hour, giving a pressure of 
15 lb per square foot of projected surface of wire at a 
temperature of 22°F No ice coating 
Horizontal distance between supports, I == 190 ft 
Difference of elevation between supports, h = 140 ft 


Referring to Fig 38, it is seen that the straaght-lme distance 

AB IS equal to or V (195)^ + (140)^ == 240 ft 

In order to calculate the maximum deflection s' at center of 
span when there is no extra loadmg due to wind and ice, use the 
fundamental relation 

Q - X (weight per um t length) 

® 8 X (tension m wire) 


When the hne is on the slope, as mdicated m Fig 38, the load 
per foot run is not ic, but vo cos 6 , then, if P = tension m wire at 
center of span. 


, _ (j1P)2u?cos d 
' 8P 


(60) 


which is simply another way of wntmg the fundamental formula 
\Z0) which was developed m Art 41, Chap IV 
When the effect of extra loading due to wmd and ice deposits 
is to be considered, the loadmg factor as calculated m Art 46 
for level spans is not apphcable When a horizontal wmd blows 
at light angles to the hne AB of Fig 38, the total loading due to 
gravity, resolved m a direction perpendicular to the Ime ABj is 


* This includes a large factor of safety A low value for the tension 
has been assumed m order to increase the amount of sag and bring out more 
clearly the difference bet^veen spans on a slope and on level ground 
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{w + ice) cos 6 pel foot lun, and if p is the pressure of the wind 
(per foot of TV ire) blowing across the line, the resultant loading is 

+ {lo + ice)^ cos-^ lb per ft 
whence, by definition, the loading factor is 

+ ice)- cos^ .gjs 

w cos 6 

This IS the general form of the formula (51) which is true only 
for the special case of 0 = 0 and no ice deposit It is the factor 
by which w cos 6 must be multiplied to obtam the total loading 



(62) 


per foot of wire The general expression for the maximum deflec- 
tion of a wire suspended between two fixed pomts A and B is, 

therefore, 

, _ + (lo + ice)- cos^ 9 

S - gp 

The numerical values of these quantities are 
AB = 240 

-f c vx 6 325 

p = 15 X = 0 406 

?/? = 0 32 
- 0 

cosfi = ^ = 08125 
240 

P = 915 


Ice loadmg 
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Suh'^titutmg in loiniula (02), the deflection is found to be 6^ = 
J S ft 

Thi& IS the ma\imum sag under loaded conditions When the 
e\tra load is lemoved, and the temperature raised until the sag is 

p 

nca nZS ft the tension in the wire will be — wherein n has the 

■value as given by foimula (61), which in this example is 1 85 
915 

Therefore P. = lb , and the tempeiatuie at which this 



8 S6 4 46 6 65 

Sajr, or maximcm deflection frenn straight line -Feet 


Fig 39 — Sag-temperature curves illustrating Example 17 


particular condition of sag and tension (m the unloaded wiie) 
will occur IS, by formula (59), 

t = 915 X 10 » / _ J_\ , 22 

‘ 0 083 X 15 X 10« X 9 3V 1 85/ 

— 58°F (approximately) 

The temperature corresponding to other (assumed) ■values of 
sag may be calculated by means of formula (58(i), bearing in mind 
that it IS necessary to put I' = AB in place of I, and k cos d 
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tv cos 
8x4 ) 


in place of / 


The method ol pioceduie has aliead> 


been illustrated by Example 14 

The curve maiked ^ a ) in Fig 39 gives the lesults of the calcula- 
tions The second cuive, maiked 6i, give^ the i elation between 
sag and tempeiatuie foi an exactly similai span except that the 
points of suppoit aie appioxiniately at the same elevation The 
sepal ation between pomts of suppoit the conditions of maximum 
loadmg, and the peimi&sible maximum ten^^ion aie the same in 
both caseS; but, owing to the diffeience in the loading factois, the 
relation between tempeiatuie and sag, oi tempeiatuie and 
tension, when the load is lemoved, is not the same foi the Ime on 
an mclme as foi the level span The loadmg factor calculated 
for the level span is n = 1 oS 

60, Wire Tensions When Successive Spans are not of the 
Same Length. — ^T\''hen stimgmg oveihead wiies, it is customaiy 
to pull up a numbei of spans at one time, the piopei tension as 
lecorded on the dynamometei being that calculated foi one par- 
ticular length of span and the paiticulai temperature at which 
the work is earned out This method is entiiely satisfactoiy 
when aU the spans in the section are equal, but the calculation 
of the propel tension m the wire at the time of stnngmg is less 
simple when the spans aie not all of the same length 

Consider, first, a Ime with unequal spans and wue tied securely 
to pm-type msulators If the wires could be strung under weathei 
conditions which will stress the material to the safe working 
limit, it would be coriect to pull the wire to this particular ten- 
sion and then tie secuiely at each msulator It should be noted, 
however, that, with removal of the additional load, with or 
iivuthout change of temperatuie, there will be unbalanced pulls 
tendmg to bend the insulatoi pms tinle^s the spans aie all of the 
same length Theie is one exception to this statement, namely 
that at a particular tempeiatuie which the writer has elsewheie^ 
referred to as the “cntical temperature,'' the tension m the 
unloaded wire wiU be the same m all spans in espective of then 
length. This particular temperature is that at which the 
unloaded wire, hangmg m stiU air, will have a sag equal to the 
ma.vimnm deflection of the loaded wire under the specified condi- 
tions which produce the maximum safe stress m the material 

^ “Sags and Tensions of Ch’^erhead Conductors,’’ Elec Worldf vol 59, 
p 1021, May 11, 1912 See also Solution (b) of Example 15 on p 126 
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llu' ‘ ciiticul tempeiatuie" may be calculated by the foimula 

' ('-»)+*• 

where = maximum stiess m the material (pounds per 
squaie mch) 

E = modulus of elasticity 
a = tempeiature-elongation coefficient 
,r = weight pel foot of unloaded wire 
j = total load pei foot of wire, including wind pressure 
and ice (if any) 

fo = tempeiature at which maximum load occurs 

Figure 34 illustrates a particular case m which the “critical 
temperature ’ is about 98°F , and if the wire were strung at this 
tempeiature, it would be a mattei of mdifference whether or not 
the spans were all of the same length When strmging at any 
othei temperature, the question arises as to which of the several 
carves will mdicate the correct tension at which to pull up the 
wires when the spans m a paiticular section are not all of the 
same length 

If It IS admitted that a small lateral movement in the direction 
of Ime IS possible at pomts of attachment — such as actually 
occurs when the suspension type of msulator is used — ^the tensions 
in the consecutive spans of unequal length will be approximately 
the same at aU temperatures The relation among tension P, 
span h and sag s is 



where P is m pounds, I and a m feet, and w is the weight, m 
pounds, per foot length of wire 

Any tendency to unbalance the pull on the two sides of a pomt 
of attachment will simply cause this pomt to move until the ratio 
/- ~ 6 is the same m all the spans irrespective of length It is 
thus seen that, m a series of spans of different lengths, but m 
w’hich the points of suspension mtermediate between the two 
stram tower attachments are capable of small horizontal motion, 

thus equalizmg the tension m adjoinmg spans, the ratio — will be 

s 

approximately the same at all temperatures 
Imagme, now, that the actual series of spans is replaced by a 
number of spans all of the same length, such that the total length 
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of wire m the section and the tension at any paiticular tempeia- 
tuie are the same as in the actual aiiangement The important 
difference between the imaginaiy senes of “equivalent^’ spans 
and the actual senes is that, since the equivalent spans are all 
of the same length, theie will be no movement of the point of 
attachment wnth change of tempeiatuie fand stress) The mtei- 
mediate pomts of support may, therefore, be consideied fixed m 
position, and calculations based on a single "‘eqm valent” span 
may be used for determining stiingmg ten«?ions which will apply 
not only to the senes of imaginary ‘equivalent” spans but to 
the actual arrangement also 

Calculation of Equivalent Span — Given a wuie of weight w lb 
per foot, suspended horizontally between two points I ft apart, 
the length of wire in the span is 


X 


= Z + 




(ooa) 


where P is the tension m the wuie (pounds) 

The total length of wire in a section consisting of several spans 
of lengths Zi, h etc wall be 

Xi + Xa + etc = SZ + ^ 


It is assumed that slipping at points of attachment is possible, 
or that suspension-type insulators are used, permittmg the small 
lateral movement of the pomts of support which will occur with 
changes of temperature if the spans are of unequal length Con- 
sider the actual arrangement of spans to be replaced by a senes 
of ne “eqmvalent” spans all of the same length h At any given 
temperature, the total length of wire m the section and the tension 
in the wire must be the same as in the actual senes of spans, a 
condition which is expressed by the equation 

MeX. = n, [h + SP 

Note that neh — 2Z, which leduces the equation to a simple 
form from which the length of the eqmvalent span is seen to be 



This is the length of span which should be used for calculating 
the strmging tension at vanous tempeiatures If the wnes in 
the section consisting of several unequal spans are pulled to the 
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ten''*on indaate^l b\ thc'e calculations, they will not be ovei- 
when the weathei conditions aie such as to produce the 
«peci^e»t 01 j^'-umed ma\imum load 
Tne i-e or the n emqe «!pan in these calculations is incorrect, 
although With small diffeiences ot length among individual spans 
the 61*01 i& not of any piactical impoitance Moreover, with 
’ tT-v great dineiences o± length m adjoining spans, it is customary 
ta *iea I-end the wires at the junction of the two spans, so that 
an evict foimula foi the ‘ equivalent” span is not often needed 
The iollowing numerical example shows that there may be an 
appieciable ditleience between the am age and equivalent span 
length* 

Consider four spans in the dead-ended section, of lengths 300, 
300, SOO and 400 It , lespectively The average length of span 
IS 450 ft , but the equivalent length calculated by formula (62a) 
!•? 592 ft 
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TRANSMISSION LINE SUPPORTS 

61 General Considerations Types of Transmission Lme 
Supports. — The suppoiting poles oi stmetuies for oveihead 
electric power tiansmission lines aie ot laiious kinds T\Tiere 
the ordinal y wood telegiaph pole oi a laigei smgle pole of similar 
tj'pe IS not suitable, double poles of the ‘ A ' or ‘ H” tj^ie, or even 
braced wooden towers of considerable height and strength, may 
sometimes be used with advantage Undei ceitain conditions 
it may be economical to use steel poles oi light masts of latticed 
steel, even for compaiatively shoit spans, and poles of reinforced 
conciete have much to lecommend them But for long spans, 
and the wnde spacmg of wires necessary with the higher pressmes, 
steel towel s, either of the ngid oi flexible tj^ie, will geneially be 
required 

The decision as to the best h^ie of lme to adopt is not easily 
or qmcklv aiiived at The pioblem is mainly an economic one, 
and the decision will depend, not only on the first cost of the 
vaiious tjTies of hne construction, but also on the probable bfe 
of the lme and the cost of mamtenance 

It IS necessaiy to make up many piehmmaiy estimates of the 
completed lme, and these must obnously mclude, not only the 
cost of the various tjqies of supportmg structure dehveied at 
pomts along the lme, but also the cost of foundations and election 
Agam, even if a suitable kind of wood is readily available m the 
district to be traversed by the tiansmission lme, it is possible that 
the cost of seasonmg the poles, and treatmg them with preserva- 
tu’e compounds to ensuie a reasonably long life, may render the 
use of steel structures more economical even for comparatively 
low pressures The use of latticed steel poles, from 30 to 40 ft 
high, capable of bemg shipped and handled m one piece, appears 
to be gaming favor in districts where ultimate economv over wood 
poles can be shown to result from the adoption of these hght steel 
structures The life of a steel tower hne depends somewhat on 
climatic conditions In Great Biitam the dampness of the 
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ebmate tusretnei v\"ith the impuiities in the atmosphere in the 
reiizhboihooti of manuiaetuimg and populous districts, renders 
hunt bteel -ti jet Hies less duiable than m America (except, perhaps, 
<»n tne Paeinc coast wheie special piecautions are lequired to 
IX laid asainst lapid coiiosion due to the pievalence of fogs and 
moi-tuie Xot only has the non- work protected by paint to 
tjt repainted on the aveiage eveiy 3 years, but the spans must 
usualh be shoit, as the piivate owneiship of valuable property 
verifiers the constiuction of a straight tiansmission line with 
lr»ng eqjal spans almost impossible m the United Kingdom 
The-e conditions aie all m favor of the employment of selected 
and v,ell-creosoted wood poles, the life of which may be 30 yeais 
or more 

When makmg comparisons between wood and steel for trans- 
mission line supports it is not only the matter of fiist cost that 
has to be consideied Steel structuies have the advantage of 
bemg in^mlneiable to piauie and forest fires, moreover, owing to 
the longei spans rendered possible by the strongei and taller 
supports there is less chance of stoppages owing to bioken insula- 
tors and less leakage loss over the suiface of insulatois A 
fact that is often overlooked is that the size of conductor hmits the 
practical length of span, for instance, with a small conductor 
such as a No 4 B & S , it w^ould not be wise to have spans much 
al)Ove 250 or 300 ft This suggests what is frequently found to be 
the case, mmely, that the total cost of a Ime may be reduced by 
usmg a conductor of rathei laiger section than the electrical cal- 
culations would mdicate as bemg necessary, because the stronger 
cable permits of a wider spacing of the supportmg towers 

62 Wood-pole Lmes. — ^Among the varieties of straight-grow- 
ing timber used for pole hues on the American contment may be 
mentioned cedar, chestnut, oak, cypress, jumper, pine, tamarack, 
fir, red\\ood, spruce, and locust. In England the wood poles are 
usually of Baltic pine or red fir from Sweden, Norway and Russia 
The woods used for the cross-arms cariymg the insulators mclude 
Xor^^ay pme, yellow pme, cypress or Douglas fir, oak, chestnut, 
and locust 

Probably the best wood for poles is cedar, but chestnut also 
makes excellent durable poles Much depends, however, on the 
nature of the soil, and, generally speakmg, poles cut from native 
timber will be more durable than poles of otherwise equally good 
quality grown under different conditions of soil and chmate 



TRAXSMISSIOX LIXE SUPPORTS 


141 


TTith the more extended adoption of pieseivative tieatment-^^ 
(to be ref ei red to latei (, the infer loi kindb of timbei which 
under ordmaiy conditions would decay lapidly, will become of 
relatively greater value, and with the gi owing scarcity of the 
better kinds of timber, it is probable that poles of 3 ^ellow pine, 
tamarack, and Douglas fix will be used moie extensively in the 
future 

The trees should be felled during the winter months, and after 
bemg peeled and tnmmed should be allowed to season for a period 
of at least 12 months 



Single three-phase Imes transmittmg energy at about 22,000 
or 33,000 volts are frequently’' earned on single wood poles ha\ing 
a top measurement of 7 or 8 m in diameter The separation 
between wires would be about 40 in for 250 ft spans and 30 m 
for an average span of 200 ft Figure 40 shows a pole top arranged 
to carry a 22,000-volt three-phase Ime without overhead guard 
wire, but with hghtmng rod attached It is not customary to 
provide every pole with a hghtmng rod, but unless these rods 
are spaced at frequent intervals (about 400 ft apart), they will 
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not attoid mucii piotection to the Ime In e'^posed positions 
and at angle® pieces or bent flat non may be fitted with advan- 
tage on tiie tio®s-aim neai the insulatois, as shown by the dotted 
I'ac' in Fnr 40 These pieces seive the double purpose of hook 
gua’>i in ca-e of the rMre slipping off the msulator, and of addi- 
tional piotection against hghtnmg A dischaige from the 
hoe tends to leap across to this grounded metal horn ovei the 
Surface o: the insulator, thus frequently pieventmg the piercing 
or shatteimg of msulatois 



Fig 41 — Ty]ncii “A’* frame construction for duplicate three-phase line 


A Simple A-frame construction for a duplicate three-phase line 
uperatmg at 11,000 volts, is shown in Fig 41 This is a much 
'=?tronger construction than the single pole line and permits of 
longer spans, even when carrymg fairly heavy conductors 
A\hen only three wires have to be carried, a more economical 
construction consists in usmg two poles with a single cross-arm 
joimng the tops of the poles No bracing of the cross-arms is 
necessary, and no extra bracing need be provided between the 
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poles. There aie many in-itances of 110,000-volt thiee-phase 
hnes bemg earned on wood-pole stiuctuies of this type, the 
wires being earned by suspension-tj 7 )e insulators attached to 
the centei and two ends of the «imgle cross-arm A modem 
example of this con^ti action is the 110,000-volt line of the Cali- 
fornia Oregon Povei Company, between its Copco plant and 
Delta, Calif , a distance of 77^ > nnle^ Three stranded copper 
cables of 250 000 circulai mils cross-section aie carried on sus- 
pension insulators attached to a ‘Single horizontal cross-arm of 
untreated Douglas fii measurmg b in by S in bj' 22 ft long 
Butt-treated Idaho cedar poles, averaging 60 ft in length are 
used, and the spans lange from an average of bOO ft to a maximum 
of 1,500 ft 

A similar constiuction has been adopted b^" the Vashmgton 
Water Power Company for the recent extensive development of 
their 110,000-volt tiansmission Imes The suspension msulators 
are spaced 10 ft apait on 22-ft cross-aims bolted near the top 
of two 50-ft butt-treated cedar poles set 8 ft in the ground 
On most of these Imes two stianded galvanized-steel 

ground wires aie attached to the tops of the poles, partly to 
pro\’ide protection from hghtnmg, but also to mcrease the 
mechamcal stiength of the hne One of the earhest instances of 
wood poles used for high-pressure power transmission is the 
100,000-volt three-phase transmission hne of the Montana 
Power Company, where each supportmg structure consists of 
two 45-ft cedar poles connected at the top by a smgle cross- 
arm, but provided with no additional bracmg or stiffenmg mem- 
bers between the poles This line runs fiom Gieat Falls to Deei 
Lodge, Mont , a distance of 140 miles, it consists of three Xo 
4/0 copper conductors, and supphes power to the Chicago, Mil- 
waukee & St Paul Railway 

In districts where wood poles are available, economy may be 
effected by erectmg wooden structures m place of the steel 
strain towers which are more generally used A simple wooden 
structure consistmg of only three mam poles is used by the San 
Diego Consohdated Gas and Electric Company for carrying 
spans up to 4,437 ft long ^ 

A stiH more remarkable instance of engmeers havmg had the 
courage to depart from what is generally considered common 

1 See detailed description by K B Ayers, Elec World, vol 84, p 114, 
July 19, 1924 
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practice is the L611-ft iivei crossing on the line between Astoria, 
and Flavel Oie , ^here wood-pole towers 135 ft high have been 
uted 

53 Life of Wood Poles. Preservative Treatment. — It is 
njt easy to estimate the probable life of poles, because this will 
depend not only on the kmd of timber, but also on the nature of 
the soil chmatic conditions, the time of seasomng, whether or 
not the poles have received treatment with preset vative com- 
pounds and the nature of such treatment 

In England the life of well-seasoned, creosoted poles may be 
about 35 years m good soil, and from 18 to 20 years in poor 
soil On the American contment, where untreated poles have 
been used m large numbers, the average life is probably about 12 
years The better woods, such as cedar and chestnut, nught 
last on the average 12 to 1-1 years, while jumper and pine might 
have to be replaced m 6 to 9 years On certain lines where 
untreated poles of unsmtable timber have been erected m poor 
soil, or where destructive msects are paiticularly active, the poles 
have had to be replaced m less than 4 years 

The effect of preseivative tieatment upon the hfe of wood 
poles is very noticeable, especially in the case of the poorer 
quahties of timber The average hfe of butt-treated cedar and 
chestnut poles is 20 years, and even pme, when properly treated 
with preservative compound, may have a hfe of 20 years m a 
dr>" chmate 

There is a case on record of two 70-ft Western red cedar poles 
onginaUy installed m 1905 which were found to be in such good 
condition that they were removed (aftei 20 years' use) and 
reerected upon another site The hfe of a pole depends largely 
upon the facihty with which water can dram away from the 
portion buned m the ground Marshy soil is generally bad for 
wood poles, and also ground that is alternately wet and dry 

Preservative Tieatment of Poles — ^Many chemical solutions 
and methods of forcmg them mto the wood have been tned 
and used with varymg success, but it is generally conceded that 
treatment with coal-tar creosote oil gives the best protection 
agamst decay, and its cost is probably lower than that of any 
other satisfactory treatment Corrosive subhmate (bichloride of 
mercury) is used m the “kyamzing process" of wood preserva- 
tion, and zmc chloride is satisfactory imder certam conditions 
It is cheaper than creosote, but it is soluble m water and is. 
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therefore, of little use foi the tieatment ot pole butts except when 
the poles are to be elected m drj- soils 

There are thiee recognized methods of apphung creosote oil 
m the preservative tieatment of wood poles 

a The high-pressure tieatment (Bethel system) 

6 The open-tank tieatment 
c. Brush tieatments 

Htgh-p/essiae Tieatment — This is undoubtedly the best, but 
it is also the most costly The poles, alter bemg trimmed and 
flamed, are placed m large tieatmg cylmdeis capable of bemg 
hermetically closed If the poles are green or tv et, they are first 
subjected, m these cylinders, to a steaming piocess from 3 to 8 
hours, the steam bemg admitted under a pressure of 12 to 20 lb 
The steam is then blown off, and the treatmg cylmder is exhausted, 
the vacuum being mamtamed foi a period of 1 to 2 hours 
Immediately afterward the creosote is forced m under pressuie 
at a temperature of 140 to 200°F Seasoned timber is not sub- 
jected to the steammg process, but the temperature mside the 
treatmg cylmder is raised by means of heatmg coils to about 
150°F. prior to the filhng process 
The poles will absorb from a minimum of 10 lb to a maximum 
of 15 lb of od per cubic foot The softer and more poious woods 
wiU absorb the most oil, but on the other hand, the benefit such 
woods deiive from the treatment m the matter of mci eased life is 
moie marked than m the case of the closer-gramed timber 
Open-tank Tieatment — The butts of the poles are placed in 
the creosote oil, which is preferably heated to a temperature of 
200 to 220°F They are maintamed m this bath for a period of 
1 to 3 houis, after which they are placed m cold oil for another 
period of 1 to 3 hours This process will permit of a complete 
penetration of the sapwood to a height of about 2 ft above 
ground level When propeily earned out it is capable of giving 
very satisfactory results The open-tank process is especially 
apphcable to the treatment of the more durable kmds of timber, 
such as cedar and chestnut 

Blush Treatment — The oil is apphed hot with hard brushes, a 
second coat bemg apphed after the first has soaked m The 
temperature of the oil should be about 200°F This method of 
application of the oil is the cheapest and the least effective, but 
it affords some protection when the wood is well seasoned and 
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(hv A pcnetiation of about ^ m niay be secuied There is 
little aUtaatage to be gained by the external application of 
pie»ei%ative compound^ to gieen timbei , indeed, the sealing up of 
the Miiiace of such tinibei, by enclosing the fermentative juices, 
may et en lead to moie rapid decay The biush treatment cannot 
be appLed to poles which aie set in the vmter months in cold 
cbmate^ as the frost v ould so harden the suiface of the poles that 
there vould be no absoiption of the preseivative hquid 
The reader who desires to go fuither into the important ques- 
tion of vood-pole preseivation, is referred to the excellent book 
bj Howard F Weiss, “The Pieser\'ation of Structural Timber 
It seems hardlv necessary to pomt out that the saving effected 
ny prolongmg the life of the poles viU usually justify the cost of 
the special treatment Given reliable data regarding costs and 
probable life of treated and untreated poles, the necessary calcu- 
lations are easily made 

64 Weight of Wood Poles — For the purpose of estimating 
the costs of transport and handlmg of poles, the weight may be 
calculated on the assumption that the pole is of circular section 
and of uniform taper, such that the diameter D at the bottom is 
equal to the diameter d at the top plus a quantity tH, of which 
H IS the distance between the two sections considered, and t is 
a constant dependmg on the taper and, therefore, on the kind of 
wood Some approximate (average) values of t together with 
average weight per cubic foot of various kinds of dry timber will 
be found m the table on the following page, from which the value 
of t for cedar is seen to be 0 016 (the height H being understood 
to be expressed m inches), and the weight per cubic foot, 35 lb 
The ! olume of a frustum of nght circular cone is 

Volume = I X + Dd + d^) 

hut D = d + tH 

and the formula becomes 

Volume = ^(3d“’ + m^+3dtH) 

^ McGrais-Hill Book Company, Inc See also Rhodes, F L and Hos- 
FURD, R F, “Presen^ative Treatment of Telephone Poles,'’ Trans AI- 
E E , vol 34, part 2, p 2549, October, 1915 Valuable information on 
preserv-^aiive treatments is given in the U S Forest Service Giro 84, 98, 147, 
etc , Dept Agr. 
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CoNSTWTs FOP Wood Polls 


Kina Aoou 

W < ” per ' 

e^bic* Tool, ^ 
pounds 

V u-al 

i p* ” i 

V ' 

Modulus of 
rupture 
b 

[ Modulus oi 

1 elajstKitj 

' 

vSouthern white cech^r 





( jumper j 

25 

0 UH 

3 700 


Xorthein w hite ced u 

21 

0 1)14 

4 000 

1 

American E i s t e i n 





white ccdai 

35 

U 010 

4 000 

1 700 000 

Spiuce 

27 


4 jOO 

1,300 000 

White pine 

2G 


' 4 300 

1,000 000 

Red pine 

34 


. 5 000 1 


Douglas fii •* 

34 


' 0 500 

1 400,000 

Xorw ay pme 



' 7 000 ' 

1,400,000 

Idaho cedar 

23 

0 01 

6 000 ; 


Chestnut 

42 

0 013 

, 6 000 ' 

900,000 


^ Being stress m pounds pei squiic inch it inoiuciit of luptuie uiulei 
bending conditions 

2 Inch units Aveinge figure^, which must be ton'^idertcl approximxte 
only 

2 This name is intended to co\er jelloxv fii led fir, Western fii, W^ashing- 
ton fir, Oiegon fii, northwest and west-coast fir 


By using this formula and puttmg for H the value 65 X 12 = 
780 m , and for d the value 7 m , the weight of a pole of Amencan 
Eastern white cedar measurmg 7 in in diameter at top and 65 ft 
overall length works out at 2,330 lb 
66. Strength and Elasticity of Wood Poles. — ^Apart from 
the dead weight to be supported by the poles of a transmission 
hne — which wiU mclude not only the fixtures and the conductors 
themselves, but also the added weight of sleet or ice m chmates 
w^here ice formation is possible — ^the stresses to be withstood 
include the resultant puU of the wiies in adjoining spans, and the 
wind pressure on poles and wires It is customary to disregard 
the dead weight or column loadmg, except when the spans aie 
large and the conductors numerous and heavy A formula for 
approximate calculation of loads earned by poles when acting as 
struts or columns will be given later The pull due to the con- 
ductors on comer poles is usually met by gaymg these poles, by 
which means the pull tendmg to bend the pole is largely converted 
into an increased vertical downwaid pressuie, but even on straight 
runs there mav be stresses due to unequal lengths of span which 
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\m 11 cau^e a diffeience in the tensions on each side of the pole 
The mo«t impoitant stresses to Tvhich the poles are subjected, 
apart irom such accidents as are due to faUing trees or the sever- 
ing of all ^ires in one span, aie those caused by strong winds 
h!o\wuig across the line The resulting pressure at pole top due 
to strona: v^inds acting on long spans of ice-coated wires may be 
\eTy 21 eat, and the poles must be strong enough to resist this ^ 
Toi the purpose of makmg stiength and deflection calculations, 
tne pole may be considered as a tiuncated cone of circular sec- 
tion, fiimly fixed in the ground at the thick end, with a load 
neat- the small end in the form of a smgle concentrated resultant 
honzontal pull The calculation is, therefoie, exactly the same as 
foi a beam fixed at one end and loaded at the other Such a 
beam, n it exceeds a ceitam length depending upon the amount of 
taper, will not break at the point where the bending moment is 
gieaiest ' ^ e ^ at the ground level), because, in a beam of circulai 
section and unifoim taper, the stiesses m the material are not 
necessaiily greatest at this pomt, as will be shown later The 
oidmaiy telegraph oi electric hghtmg pole usually breaks at 
a pomt about 5 ft above ground unless the butt has been weak- 
ened by decay Some engmeers msist that the weak section of 
the pole should be taken at the ground Ime There is no objec- 
tion to this somewhat unscientific assumption, provided a rea- 
sonable allowance is made for the reduction of diametei at the 
ground level owing to decay 

Calculations on strengths and deflections of wood poles 
cannot be made with the same accuracy as m the case of steel 
structures, and the constants m the table of Art 54 are aver- 
ages only foi approximate calculations The factor of safety 
generally used on the American contment is 6, both for poles 
and cross-arms The maximum wind pressure is taken at 30 lb 
per square foot of flat surface, and 18 lb per square foot of proj ected 
surface of smooth cyhnders of not very large diameter 
Calculation of Pole Stiengths — The relation between the 
externally apphed load and the stresses m the fibers of the wood-is 
Bending moment = stress tn fibers most remote from neutral 
axis X section factor, or Mb == S X Z, where the section modulus 
Z IS the ratio 

moment of mertia of section 

distance of center of gravity from edge of section 
^ See Art 45 in Chap V 
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If P IS the foice in pounds applied at a point distant x m from 
the cioss-section A ‘see Fig 42; then 

Mb = Px lb -in 

And if the stre«?'? is expiessed m pounds per square inch, and 
the section is assumed circular, 

Px = 5 X 

But it IS assumed that the diameter at any point x in below the 
section of diameter d is d -f tx, therefore. 



X 

d -r tx)^ 


C63J 


In Older to find the position of the 
cross-section at which the pole is most 
likely to break — that is to say, where 
the fiber stress is a maximum — ^it is 
necessary to differentiate the last 
equation with respect to x, and find 
the value of x which makes this dif- 
ferential equal to zeio This gives 

d 

^ 2t 

for the pomt where the stress >3 is a 
maximum. The position of this cross- 
section IS evidently not always at 
ground level If this value of a: is 
greater than H, then the maximum 
fiber stress will be at ground level, and 
it IS calculated by substitutmg H for 
X m formula (63) 

The diameter of the pole at the 
weakest pomt is 

dw = d + tx 



Fig 42 — Wood pole ^ith hori- 
zontal load near top 



= 15d 


and it is only when the diameter at ground level is greater than 
one and a half tunes the diameter where the pull is apphed that 
the pole may be expected to break above ground level 
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It th( the taper and the pole-top diameter d aie 

ivnow n toe load P ib leadily calculated as follows 

Bendmg moment = P X x 

Eesi'-ting moment = S X 


But J == and d 

= 1 5d 

thereiuie 

Pd 


2t 

hence 

P = 


Pd _ y ir X (1 5dV 

2t ^ ' 32 

, „ 2t.SV X 3 375 X d® 

vvhence P = 3 ^^ 

= 0 562 X S X « X (64) 

Muularly, if the pull P it known the pole-top diameter should be 

d = ^ ' (65) 

\ 0 662 X -S X t 

Example IS Siiength of Wood Poles — Consider a pole of 
Eastern white cedar designed to sustain a pull of 500 lb applied 
27 ft above giound level The aveiage bieakmg stress (from 
table of constants/ is 4,000 lb pei squaie inch, and assuming a 
factor of safety of 6 , the safe working stress is = 6601b per 
square inch 

The other numerical values aie 
P == 500 lb 
H = 27 ft 
^ifrom table) = 0 016 
Bv formula (65) 

\0 662 X 660 X 0 016 
= 8 46 in 

and 4 = 1 5 X 8 46 = 12 7 m 

The distance below pomt of apphcation of load of the section 
where fiber stress is a maximum is 

^ “ 264 in = 22 ft 

Therefore, this pole, if subject to a load about six times greater 
than the maximum workmg load, may be expected to break 
27 — 22 = 5 ft above ground level, unless the cross-section at 
ground level has been weakened by decay 
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Double-pole suppoits of the t 3 'pe illustrated m Fig 41 -will be 
twuce as strong as each of the component poles in lesistmg stresses 
apphed in the dnrection of the line but the\ will be able to with- 
stand about five times as great a load as the smgle pole when the 
sti esses are m a direction at nght angles to the direction of 
the Ime When loaded m this mannei up to the breakmg point, 
these double poles of the A type usually fail through the bucklmg 
of the member in compiession due to initial want of straight- 
ness The stiength of both the A and the H tj'pe of pole struc- 
ture can to some extent be increased by , 

the addition of suitable biacmg 

66. Deflection of Wood Poles. — It is "i; Tj p 

now generally lecogmzed that there aie | ij 

advantages m ha\Tng transrmssion line i jl 
supports with flexible or elastic properties I I j 

The ordinary smgle wood pole is veiy I jl 

elastic, and will return veiy’’ nearly to its j / j 
ongmalform after ha\ing been deflected j 
considerably by abnormal stresses The ^ j j 
figures given for the elastic modulus in / i 

the table previously referred to are sub- ^ 

ject to correction for different quahties i j 

and samples of the same timber It is w^ell | 

to make a few experiments on the actual j 
poles to be used if accuracy in calculated y 

result IS desiied The double-pole struc- ^ § 

tures of the A or H tj’pe will have about 
half the deflection of the smgle poles in 
the direction of the hne, and, of course, 
very much less m a direction at right 
angles to the hne An A pole of usual construction with the 
two poles subtendmg an angle of 6 } 2 deg will deflect only about 
one-fiftieth of the amount of the smgle-pole deflection undei the 
same transverse loadmg The movement is usually dependent 
upon the amount of slip between the two poles at top, w^hich 
agam depends upon the angle subtended by the poles 
Calculation of Pole Deflections — Assume that the pole is fiixed 
firmly m the ground, and that there is no yielding of foundations 
The load P bemg apphed m a horizontal direction at the top end, 
as indicated m Fig. 43, the pole may be considered as a simple 


43 — Deflec tion of 
Tvood pole 
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cantile\er the deflection of which, if the section weie umform 
thiounhoiii f}> ihtnc length, would be 

. PH^ 

° ~ ZEI 

where 5 and H are in inches, / is the moment of inertia of the 
'OCtion and E is Young’s modulus (pounds per square inch) 

For a circulai section J = where d is the diameter of the 

e\ Iin< 3i ica! pole in inches The formula then becomes 

5 = 6 78 ^ ( 66 ) 

II P IS evenly distributed, as would be the case with a umform 
wind pressure on the pole surface, regardless of other loads, the 
deflection would be 

^ 8EI 

but it is best to consider the wmd pressure on pole surface as a 
smgle equivalent load concentrated at pole top and added to the 
load due to wind pressure on the wires When estimating the 
probable value of this equivalent load, it should be remembered 
that the wmd pressure is not evenly distributed along the 
length of the pole, smee the wind velocity at ground level is 
comparatively small and mcreases with the height above ground 
surface 

The formula (66) assumes a constant diameter throughout 
length of pole, and the question, therefore, arises as to where the 
measurement of diameter should be made on an actual pole 
It can be shown that, on the assumption of a uniform taper, the 
quantity m formula (66) should be replaced by (dg^ X di) 
where d^f is the diameter at ground level and di is the diameter 
where the force P is applied 

Example, Pole-top Deflection under Load — Using the same 
figures as m the example illustratmg strength calculations, 

P= 500 lb jff = 27 X 12 = 324 m 

di = 8 46 m i = 0 016 

d« = 8 46 + (0016 X 324) = 13 64 in 
E - 700,000 
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Then 

6 78 X P X 
E(d,^ X dj 
G 78 X 500 X r324)® 

700,000 X (13t>4j" X 8 46 
= 7 7 in lappiox i 

When possible it is well to make tests on a few actual poles, then 
for similar poles of the same material subject to the same loading 

H" 

0 — 

di 

57 Pole Fotindations — A permanent deflection of the pole, 
'^hen the stresses are abnormal, may occur owing to the yielding 
of the earth foundation, but this is unusual if the poles are 
properly set in good giound If the holes are dug to the depths 
as given by the followmg foimulas, this will be in accoi dance 
with usual practice 

Depth of Holes for Wool Poles iFeet/ 

In good giound on straight runs 3 + 3 (total length of pole, m feet) 

At comers m good ground, or on 

straight runs in soft ground 4^4 -f ^is (total length of pole, m feet) 

At corners m soft ground 5 + Jfs (total length of pole, in feet) 

These depths are such as would be adopted on a well-designed 
pole Ime and need not be exceeded except m special cases In 
marshy 01 otherwise unsatisfactory ground, special means must 
be adopted to p^o^^.de a reasonably good settmg for the pole butts 
Loam and gravel, and even sand, or a mixture of these, pro- 
vide a firm foundation for poles A pole that is properly set 
should break before the foundations will jueld to any appreciable 
extent Even if there should be a movement of the pole butt m 
the ground with excessive horizontal load at pole top, this will 
result in a firmer packmg of the eaith, which will then be better 
fitted to resist any further movement 
Fum sand, gravel, or loam will withstand a pressure of about 
4 tons per square foot, but only half this resistance should be 
reckoned on m the case of damp sand, moist loam, or loose gravel 
Proper supervision is necessary to insure that the earth shall 
be packed firmly around the pole when refilling the holes 
58 . Spacing of Poles at Comers. Guy Wires. — In order to 
reduce the stresses, not only on the pole itself, but also on the 
insulator pins and cross-arms, it is usual to shorten up the spans 
on each side of the comer pole The reduction in length of span 
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Will depend upon the amount by which the diiection of the wires 
departs iiom the straight run A lough-and-ready rule is to 
reduce the «pan length Pi per cent for each degree of deviation 
irom the straight Ime For angles less than 5 deg, it is not 
necessaiy to alter the span 

It 1 ^ not ad\nsable to turn moie than 25 deg on one pole, and 
whenever the side stiam is likely" to be excessive, double cross- 
arms and msulators should be used By giving proper attention 
to the mattei of gujnng and to the mechanical construction 
geneially it is not difficult to meet all requirements at points 
w here a change of direction occurs 
A safe plan is to assume that a corner pole must carry the full 
load without breakmg if the guy wuie or wires should fail to take 
their proper share of the load, but all corner poles should be 
propped or guyed for extra safety, and to avoid the unsightly 
appearance of poles bent under heavy side stresses or set at an 
angle with the vertical 

Sometimes when sharp comers have to be turned, the spans on 
each side are dead ended on poles with double fixtures Such poles 
are head guyed, and the span adjommg the guyed pole is usually 
shortened, bemg not more than three-fifths of the average spacmg 
The non-smehronous swaying of wires m a high wind, al- 
though uncommon, sometimes occurs on wood-pole hnes, being 
aggravated hy the difference in the natuial period of oscillation 
of poles and wires This trouble can generally be cured by guy- 
ing one or more of the poles at the place where the wires have 
been found to swing non-s 3 mchronously 
Guy wires should be of galvamzed stranded steel cable, the 
breakmg strength of which should preferably not exceed about 
34 tons per square mch The reason for this limitation of 
strength is that the high-strength steel is usually too hard to 
allow of proper han dlin g and finiRhing off 
Load to Be Carried hy Corner Poles — ^Let P = total tension m 
pounds, mcludmg ice loadmg (if any), of all the wires on each 
side of the comer pole, and let 6 = angle of deviation as mdicated 
m Fig 44, then, if there is no wind blowing across the hne, the 
resultant pull at the pole top in the direction OPr is 

pR = 2P sm (I) (67) 

If there is wind blowmg across the line m a direction such as to 
increase the load at the pole top, the wires will no longer hang 
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vertically but vill be deflected by the force of the \\diid as indi- 
cated by the dotted cur^’es in Fig 44 The total pull exerted by 
the wires at the pole top will now be the resultant of 


Wind Pressure = Plb foo* 'engt^ 



the two forces 0P\ and if p = the wTind pressuie per foot of wire 
(with or without ice coating as the case may be), 

Pb' = 2P sm ^1) + ^p(AB) (67a) 



Fig 45 — Diagram lilustraimg tension m gu\ wire 

The stress m the guy wire is easily calculated when the angle a 
(Fig 45) which the wire makes with the vertical is known If 
Pb is the side puU as calculated by formula (67) or (67o), then 

Tension m guy wire = 

r, OC 
- Pb 


( 68 ) 



ELEC IRIC POM ER TRANSMISSION 


69 Props or Struts Wood Poles m Compression — Some- 
time'- It lb difEcult or impossible to pro\’ide guy wires in certain 
locations oi impurities in the atmosphere may render the 
u-c I >: props oi push bi aces prefer able to guy wires In such cases 
It IS nece««arj' to know appro-amately what load a wooden pole 
wid ^appoit in compression, that is to say, when used or consid- 
eie‘1 ac a column Instead of using the values of unit stress S 
a? SA en m the table on page 147, the ultimate stress which a wood 
column vill stand in compression should be calculated by the 
cmpiiicai formula ^ 

•'t: ess in compi ession i pounds per squai e inch) = 5^ ^ 1 — (69) 

where I is the length m mehes, and d is the diameter or least 
thickness at the centei of the strut 
Exfimvlr — Calculate the safe load foi a prop of Douglas fir 
S m m diameter and 10 ft long, assuming a safety factor of 6 
By foimula the breakmg stress will be 

6 500 ^1 - = 4,870 lb per square inch 

and the ma\imum safe load will be 

X I X 64 = 41,000 lb 

60 Remforced-concrete Poles — As substitutes for wood 
poles supporting overhead wires, concrete poles and latticed steel 
are used The full advantage of the galvanized or painted 
steel structure is best realized m the high towers with long spans, 
such as are used for the transmission of electric energy at high 
pressures The use of portland cement for molded poles of 
moderate height is by no means new, the experimental stage has 
long ago been passed, and with the deplorable but no less rapid 
depletion of our forests and the mcomparably longer life of the 
concrete poles, these will probably be used in mcreasmg numbers 
in the future 

There is much to be said m favor of the wood pole when the 
nght kmd of timber, properly seasoned and treated, is used, 
but, apart from the general unsightlmess of wood poles in urban 
districts, their life is uncertain and always comparatively short 
Concrete poles must be reinforced with iron or steel which, 
being entirely embedded in the concrete, is protected from the 
destructive action of air and water 
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Longitudinal lods or bar<^ of non can be placed e\ac% \\heie 
lequired to strengthen those paits of the pole section that will be 
in tension, and the concrete, filling up the spaces between the 
lemforcmg rods, takes the place of all biacmg and stiffening 
membeis of the ordinarj" steel stiucture m an almost perfect 
manner It is piobably at this time generally admitted that iron 
embedded m cement w lU last almost mdefimtely without suffermg 
any deterioration When excavating for the foundations of the 
General Post Office m London, England, some old Roman brick- 
work was discovered m which the hoop-iron bonds were still 
blight and m perfect condition The life of a concrete pole is, 
in fact, almost unlimited, a consideration which should not be 
overlooked when estimatmg the relative costs of different kinds 
of supportmg structures It requires no pamtmg and practically 
no attention, once it is erected If any small ciacks should at 
an 3 " time develop, the}^ can ieadil 3 ’’ be filled with cement 

Concrete poles are usually- molded m a horizontal position, 
the forms being removed after 3 or 4 dsivs After a period of 
seasonmg lastmg from 2 to 3 weeks, they are erected in the same 
manner as wood poles The great weight of concrete poles is 
probably' the most serious objection to their more general adop- 
tion m the place of wood poles, where the latter are not readily 
obtainable or where their appearance is unsightl}" 

Attempts to mold poles on site m a vertical position and so 
avoid part of the great cost of transportation have not alwa\"s 
met with success When molding on site, the forms are set up 
immediately over the hole prenouslj" prepared for the pole base 
They^ are set truly vertical and temporarily guyed, the reinforcmg 
inside the form bemg held together and m position by^ whatever 
means of tying or bracmg may be adopted Sometimes iron w ire 
is used, but more uniform results are obtamed by usmg specially 
designed iron distance pieces with the required spacmg between 
them The concrete is raised to the top of the mold by any 
smtable and economic means (preferably’' direct from the concrete 
mixer by an arrangement eqmvalent to the ordmary gram eleva- 
tor) and IS dropped m By this means the hole m the ground is 
entirely filled with concrete No tampmg is required, a firm hold 
bemg obtamed, smce the ground immediately surrounding the 
concrete base has not been disturbed 

The best quahty of crushed stone and sand should be used, the 
usual proportions being cement, 1 part, sand, 2 parts, crushed 
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-tone, 3 or 4 parts not too large to pass through a screen 

The nurture used for the poles on the Pennsylvania Railroad is 
1 5 2 4 When gra\el is used, the mnxtuie may be 1 part of 
Portland cement to 5 parts of gravel, provided that the latter 
1 - triadetl, including sand, and that the largest pieces are of a 
-ize to pa'-s through a ^ 4 -in screen 

The duet tiouble that occurs in connection with vertical 
molding of poles in position is due to the fact that the mixture 
inufct be very -^et to msure that it will fill the mold completely, 
and the pressure near the base of a tall pole is, therefore, very 
great, resulting fiequently in leakage of water which carries with 
it some of the cement The top of the pole is thus weakened 
owmg to lack of cement 

Another objection to moldmg on site, whether in a vertical 
or horizontal position, is the fact that more material is generally 
used than 'would be necessary for a pole of the required strength 
if this were manufactured under expert supervision where per- 
manent modem machinery has been installed for obtaimng the 
best results 'with the smallest permissible cross-section 

Smce a reinforced-concrete pole of solid section is unecononncal 
m material, a lemovable iron core is usually pro'vided in connec- 
tion with the manufacture of the laiger poles This core is freed 
by p ullin g it a small distance a few hours after the concrete has 
been poured, it is entirely removed after 8 or 9 hours The most 
satisfactory method of manufacturmg concrete poles 'with hollow 
cores consists m forcmg the conciete agamst the sides of the 
mold by rotatmg the entire foim at a high speed while the concrete 
IS settmg The reinforcing steel is rigidly secured m position 
inside the form 'which is placed with the axis horizontal The 
proper amount of concrete is pouied in, and the complete form 
IS rotated until the concrete is set A very dense shell of con- 
crete is thus obtamed, leaving a hollow space through the 
center 

61. Strength and StiflEness of Concrete Poles — When design- 
ing a concrete pole to 'withstand a defimte ma'^omum horizontal 
load appbed near the top, the pole is treated as a beam fixed at 
one end and loaded at the other The calculations are very 
simple if certam assumptions are made, these being as follows 

1 Every plane section remams a plane section after bendmg 

2 The tension is taken by the reinforcing rods 

3 The concrete adheres perfectly to the steel rods 
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4 The modulus ot elas?ticity of conciete constant \Mthin the 
usual hmits ot sties- 

The ultimate ciushmg stiess of the concrete may be taken at 
fiom 2,000 to 2 600 lb pei squaie mch The lemfoicmg bais 
should be coveied yith conciete to a ilepth of not less than 1 in 
The effect of keeping the lemfuicing bai^ undei tension while the 
conciete is pouied m the mold and until it ha«5 haidened sufE- 
cientl}’' to suppoit the stiam itself has h)een tiled and found to 
impiove the peiformance ot the poles, but it is doubtful whether 
the e\tia appaiatus and laboi leqmied aie justifiable on economic 
grounds hen subjected to excessive load, a concrete pole wull 
generally yield hy the ciushmg oi the mateiial in the base near 
ground level, but, unless it is pulled out of its foundations, it 
will not fall to the giound 

The compaiative iigidity of conciete poles cannot be said 
to be a point in then favoi, as the flexibihty and elasticity of 
wood poles and some foims of steel structuies aie featuies of 
undoubted advantage under ceitain conditions On the other 
hand, the degiee of deflection of conciete poles before breaking 
IS remarkable The elastic limit is \aiiable, and no exact figuie 
can be given for the elastic modulus of cement conciete, it may 
be as low as 1,000,000, but foi a 1 2 4 muxtuie 2,000,000 may be 
taken as a good aveiage figuie foi appioximate calculations. 

Some tests made on 30-ft conciete poles gave deflections of 
from 3 to 4 m at a pomt near the top of pole, when subjected to a 
test load equal to about double the maximum woikmg load ^ 
Anothei senes of tests made m England on some 44-ft poles of 
hollow section, 17 in squaie at the base and 8 in square at the 
top (mside dimensions 13 m and 4 m , respectively), with loaiis 
applied 38J ? ft above ground level, gave a deflection of 66 m 
under a hoiizontal load of 10,500 lb , and the permanent set on 
removal of load was 21 in The pole did not fail completely 
until the deflection was 78 in 

Some recent tests made m Geimany on hollow poles 61 ft 
long, measuring 9 in m diameter at top and over 19 m m diam- 
eter at the base, withstood a deflection of 4^ 2 ft at the top with- 
out permanent set or the appeal ance of cracks in the concrete 

1 These poles were probablj" of large cro&Sr-section Some tests made on 
poles measurmg 10 m square at the base and 32 it high ga\ e a deflection 
of just over 2 ft -with a horiaontil load of 2,000 lb applied ncai the top 
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The illustration Fig 46 shows a conciete pole of hollow section 
suitable for carrjing si\ transmission wires on two wooden cross- 
arms The pole is 35 ft long overall, about 6 ft bemg buried 
in the ground With a top measurement of 7 in square and a 
tapper to gi^e an mciease of 1 in width for every 5 ft of length, 
tne size at the bottom will be 14 m square The drawmg shows 
a section through the hollow pole taken at a point about 4 ft 
above the ground level Iron spacing pieces, as here shown, or 
their eqmvalent, must be placed at mtervals to hold the longitu- 



dinal st^l remforcmg bars m the proper position The number 
of rods will vary with the distance below the pomt of apphcation 
of the load The bendmg moment to be resisted at every 
point bemg known and the taper of the pole decided upon, the 
amount of remforcmg required at any given section is easily 
calculated The weight of a pole as illustrated would be about 
2J00 lb without fixtures The remforcmg rods and spacmg 
rmgs would account for approximately one-seventh of the total 
freight A factor of safety of four is generally employed m 
strength calculations of reinforced concrete poles In some cases 
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the calculations have been based on a safety factor of 5, but 
there appears to be no justification foi using so large a factoi 

Weight of Conaete Pole's — The weight of reinforced-concrete 
poles is necessarily consideiable, and this adds appieciably to 
their final cost erected on site, especially when the distance of 
ti ansportation fiom the place of manufacture is considerable* 
It Vrull generally be found that, unless the poles aie erected at no 
great distance from the factoi y, the cost tviU be prohibitive On 
the other hand, the fact that the life ’ of concrete poles is pi ac- 
tically unlimited must not be overlooked when comparing their 
undoubtedly high first cost with that of wood poles A recent 
instance of concrete poles bemg apparently found more economical 
than the usual steel towers is the SQ-mile 132,000-volt trunk Ime 
between TroUhattan and Vasteras, Sweden, where each supportmg 
structure consists of two 61-ft hollow remforced-concrete poles, 
each pole weighmg 4 tons All these concrete poles (about 800) 
have been shipped from the factones in Geimany to their respec- 
tive sites m Sweden 

The weight of shoiter poles, such as aie used to replace wood 
poles on compaiatively lo^-voltage lines, aie approximately as 
stated below 

0\ erall length j Top diameter, inches Base diameter, inches 

1 350 
1,750 

2 300 
3,000 

These weights are based on the hollow type of construction, 
and a wall thickness with smtable reinforcmg rods so that each 
pole will be able to carry safely a honzontal pull of 1,200 to 1,300 
lb apphed about 2 ft below the top 
62. Steel Poles and Small-base Steel Masts. — ^As a substitute 
for wood poles, hght steel structures that can be shipped and erected 
m one piece appear to be ga inin g favor Small amounts of energy 

at comparatively low voltages can be transmitted over distances 
of 20 to 30 miles by overhead wires supported on steel poles at a 
cost which need be no higher, and is sometimes even lower, than 
if the less durable and less sturdy wood-pole construction is 
adopted One type of steel pole for small lines is the Bates One- 
piece Expanded Steel Pole of which Fig 47 is an example These 
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poles aie manufactured by the Bates Ex-panded Steel Trus^ 
Company, of Chicago, the pole being made in one piece without 
bolted or riveted lattice woik Steel poles of the tj’pe undei 
discussion, which are intended to be handled much m the same 
manner as wood poles, usuall 3 ' lange fiom 25 to 35 feet m length 
and are smtable foi spans between 200 and 300 feet 
Figure 4S shows a tj’pieal form of small-base latticed steel 
mast as used on the transmission lines ot the Iowa Railwaj’ and 
Light Compan}’, Cedai Rapids, Iowa - Fabiicated steel masts 



Fig 48 — Typical transmission line earned on latticed steel masts 


With square bases veiy much smaller than those of the more usual 
steel tower construction aie used more geneially m Euiope than 
in America, even for mam Imes at fairly high voltages This 
design IS very satisfactory with spans of about 400 ft oi even 
longer, if correctly designed and elected on smtable foundations 
Small-base fabricated steel masts 70 ft high carijung two three- 
phase circuits with spans from 600 to 700 ft long aie not uncom- 
mon on the contment of Europe 
^ Photo supphed by the Ohio Brass Company of IMansfield, Ohio 




CHAPTER \ll 

TRANSMISSION LINE SUPPORTS (Continued) 

63 Flexible-type A-frame Supports —Although, calculations 
of «tre='es in transmission lines aie usually based on the assump- 
tion that the ends of each span aie fiimly secuied to rigid supports 
this condition is raiely fulfilled mpiactice There issome “give’’ 
about the poles or towers, especially when the line is not abso- 
lutely straight and the msulator pins will bend shghtly and relieve 
the stress when this tends to reach the point at which the elastic 
elongation of the wires will be exceeded Then, agam, the wires 
will usually shp m the ties at the msulators, even if these ties are 
not specially designed to jneld or break before damage is done to 
the insulators oi supportmg structures The use of the suspen- 
sion type of msulator, which is now customary for the highei 
\oltages, adds considerably to the flexibihty of the Ime 

In regard to the towers themselves, all steel structures for 
dead-ending hnes or sections of Lines are necessarily ngid, and 
the usual hght windmill type of tower with wide base is also 
without any appreciable fiexibihty The latticed steel masts 
are shghtly more flexible, and the elastic properties of the ordi- 
nary wood pole are well known The deflection of a wood pole 
may be considerable, and yet the pole wiU resume its normal 
shape when the extra stress is removed There is much to be 
said m favor of so-called flexible steel structures, that is to say, 
of steel supports designed to have flexibdity in the diiection of 
the hne. without great strength to resist stresses m this direction, 
but with the requisite strength m a direction normal to the hne, 
to resist the side stresses due to wmd pressures on the wires and 
the supports themselves 

Such a design of support has the important advantage of bemg 
cheaper than the rigid tower construction, m addition to which it 
gives flexibihty where this is advantageous, with the necessary 
strength and stiffness where required The economy is not only 
in the cost of the tower itself but in the greater ease of transport 
over rough country, the preparation of the ground, and erection 

164 
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Probably the most seveie stresses which a transmission line 
should be capable of withstandmg are those due to the breakages 
of wires Such breakages may be caused by abnormal wind 
pressures, by trees fallmg across the line, or by a burnout due to 
any cause Suddenly applied stresses such as are caused by the 
breakmg of some or all of the wnies m one span are best met by 
bemg absorbed gradualh' mto a flexible system The supports 
on each side of the WTecked span will bend toward the adjommg 
spans because the combmed pull of all the wures in the adjoining 
spans IS greater than the pull of the remaimng wires, if any, m 
the wrecked span This movement of the pole top results m a 
reduction of tension m the wires of the adjoining span owmg to 
the mcreased sag of these wires there wnll be an appreciable 
deflection of the second and third poles beyond the break, but 
the amount of these successive deflections will decrease at a very 
rapid rate and wnll larely be noticeable beyond the fourth or 
fifth pole It is obvious that, as the remaining wires m the faulty 
span tighten up, the stress mcreases, but the combmed pull of 
these wires on the pole top is smaller than it was before the acci- 
dent, smce it IS assisted by the puU of the deflected poles, and 
these jomt forces aie balanced by the combmed pull of all the 
wires m the adjommg sound span, which pull, as preMously 
mentioned, is smaller than it was under normal conditions 

The greater the flexibility of the supports m the direction of the 
Ime, the smaller will be the extra load which any one support 
wiU be called upon to withstand, on the other hand, it is usual to 
provide anchormg towers of rigid design about every nnle on 
straight runs, and also at angles, m addition to which every 
fifth or sixth flexible tower may be head guyed m both directions 

It IS not unusual to carry a galvanized Siemens-Martm steel 
strand cable above the high-tension conductors on the tops of 
the steel structures This has the double advantage of securely, 
but not rigidly, tymg together the supports, and of providing 
considerable protection against the effects of hghtnmg. The 
disadvantages are mcreased cost and possible — ^but not probable 
— danger of the grounded wnre fallmg on to the conductors and 
causmg mterruption of supply 

The dead-end towers should be capable of withstandmg the 
combmed pull of all the wires on one side only, when these are 
loaded to the expected maximum hmit, without the foundations 
yieldmg or the structure being stressed beyond the elastic limit 
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The flexible biippoit^ mu'-t \\ith-tand, with a leasonable factor of 
irafetx the dead weight of conductois, etc , and the expected 
jjiiini side piessures, but in the diiection of the hne their 
strength mu^t neees'=iaiily be small, otheiwise the condition of 
flexibility cannot be 'Satisfied 

It IS ta^y to de=!ign biaced A-fiame or H-fiame steel structures 
of suiSe.ent strength to withstand the dead load and lateial 
pre^^uie and yet have gieat flexibility, with coriespondingly 
I educed &t length in the diiection of the hne Gieat caie must 
be use<l in designing a hne of this tj^pe so that stiength and dura- 
bility shall not be saciificed to lightness and flexibility without 
\ eiy" carefully considermg the problem in all its aspects The 
possible tit \sVhg of these flexible structures while subjected to a 
strong wmd blowmg across the Ime must not be overlooked 
Suppose, for mstance, there is mequahty of tension in the wires 
on the two sides of a structuie, or, for any reason, unbalanced 
pulls on the cross-arms, then the section passing thiough the two 
upnght members of the A frame is no longer a plane at right 
angles to the direction of the hne, and the strength of the struc- 
ture to resist transveise loading is appieciably reduced More- 
over, the load such a distoited structuie is able to cany safely 
cannot easily be calculated This is one objection to the so- 
called flexible tjTDe of steel supportmg structure As an appioxi- 
mate mdication of present-day practice m arrivmg at the load in 
the direction of the hne for which flexible suppoits should be 
designed, it may be stated that a load of from one-twentieth to 
one-tenth of the total load for which the ngid-stram towers are 
designed should not stress the intermediate flexible structures 
beyond the elastic limit It is well to bear in nund that at the 
moment of rupture of one or moie wires on a ^^flexible'' transmis- 
sion Ime the resulting stresses m the structures and remainmg 
wires will bem the nature of waves or suiges until the new 
condition of equihbnum is attamed, and the maximum stresses 
immediately foUowmg a rupture will generally exceed the final 
value 

The mathematics required for the exact determmation of 
stresses and deflections m a transmission line consistmg of a 
senes of flexible poles is of a very high order, even when many 
assumptions are made which practical conditions may not justify, 
but the Iimitmg steady values of these stresses and deflections 
can be calculated in the manner which was first described by the 
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wiitei m the Electncal Wodd of July 13, 1912,^ and reprinted in 
the fiist and second editions of this book With the grooving use 
of the suspension tj’pe oi insulator, even when the tiansmission 
voltage IS not exceptionally high, the relatively small elastic 
}ueldmg of the steel suppoits under unbalanced longitudinal 


A 



Fiti 49 — Flexible steel tower transnussion line 


stress IS of sTTidl importance, and it is, therefoie, not proposed to 
study in detail the deflections and stresses m the flexible 
steel tower line due to the severing of one or more wires in a 
particular span The illustration (Fig 49) kmdly supplied by 
Archbold Brady and Company shows a common form of “flexi- 
ble” high-voltage transmission hne followmg a railway. 
iVol 60, p 97 
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64 Rigid Wide-base Steel Towers —With the coming of high 
\olta£res and mci eased distances between wires and between the 
conductors and the ground, taller supports become necessary 
With a view to sa^ung cost on supports and msulators, spans have 
been merea'=!ed, thus necessitatmg still taller toweis The result 
of these tendencies is the modern wide-base steel tower of sub- 
stantial design and often of considerable height 

The parts of large steel towers for important transmission Imes 
aie usually galvanized, while for temporary constructions the 
parts are made of hghtei section material and almost invariably 
pamted It does not foUow that pamt mstead of zmc is not 
desirable as a protective coatmg on the non work of important 
Imes The problem is mainly an economic one, but a steel struc- 
ture may unquestionably be made to last almost any length of 
time if it is thoroughly pamted every 3 or 4 years, especially if 
particular attention is paid to the footmgs where they emerge 
from the concrete foundation These, if not galvamzed, should 
be pamted every year On important high-voltage Imes where 
it would be dangerous for men to work near the hve wires, the 
steel parts of the structure neai the wires should be galvamzed 
even if the remamder of the towei is pamted 

Height of Toiieis, Length of Span — In Art 24, Chap III, 
the effects of span length and transmission voltage on the height 
and weight of the supportmg structuies was briefly discussed, and 
what follows has special reference to the square-base steel towers 
as used for transmittmg large amounts of energy at high voltages 

The best or most economical spacmg between supportmg struc- 
tures IS less easily determined than might at first be supposed 
A long span means few towers and fewer msulators per mile of 
Ime, but it also means, a greater sag m the wires and higher and 
stronger towers There will be a particular length of span under 
given conditions, involvmg the number, size, and matenal of the 
conductors, beyond which any further mcrease would lead to the 
cost of the finished Ime bemg greater than with the shorter span 
This IS what, in the past, has determined the proper spacing of 
supports m those rather exceptional cases where the engmeer has 
not been content merely to follow precedent, but has had the 
courage to make his own calculations, and the faith to beheve m 
their correctness 

The economical length of span on steel tower hues for pressures 
up to 110,000 volts usually hes between 600 and 900 ft , for higher 
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pressures, up to 220,000 volts longei spans are economical, "-he 
usual average length bemg fiom 900 to 1,300 ft The average 
distance between to'wers on the 110 000-volt lines of both the 
Pacific Gas and Electric Company and the Mississippi River 
Powei Company is SOO ft , but the present-da}^ tendency is all 
in the dnection of larger spans, even on the lowei-voltage hnes 
Calculations made by the engmeers of the Southern Calif orma 
Edison Company mdicate that about 1,250 ft is an economical 
span for its 220,000-volt Imes Spans of 1,050 ft aie used on the 
132, 000- volt mam hnes suppljung energy fiom the coal fields to 
Melbourne, Australia 

Ultimate economy and contmuity of service are the impor- 
tant factois m determining changes and improvements in trans- 
mission hne construction Even if the first cost of a Ime with 
veiy large spacmg of toweis may be somewhat higher than if 
shorter spans weie adopted, there are still leasons m favor of the 
longei spacmg The cost of mamtenance has been found by 
expeiience to be appreciably less with the long-span construction, 
and mterruptions to ser^nce aie fewer This may be attributed 
partly to the fact that the number of pomts of attachment to 
insulators is smaller with the long spans, and that variations of 
temperature do not pioduce such great changes of stiess in the 
wires as when shorter spans are used 

The height and cost of thesuppoitmg structures mcrease with 
the mcrease of voltage because of the greater spacmg required 
between wires of diffeient phases and between aU the conductors 
and the (grounded) towers It is also customary to allow a 
greatei nnmmiim cleaiance between the lowest wire and ground 
on high-voltage than on medium-voltage hnes, and this again 
tends gieatly to increase the height and cost of mdi\ndual towers 
on the extia-high-tension hnes There are no controUing 
leasons for any particular clearance to ground m the open coun- 
try, but every state or district has special regulations regardmg 
TYnmnmm clearances at road, railway, and rivei crossmgs Apart 
from such particular pomts where shoiter spans and special 
construction may be necessary, the usual clearances allowed 
between ground and the lowest pomt of the wire are 20 ft for 
oveihead hnes up to 66,000 volts, mcreasmg to 26 ft for 132,000 
volts, and 30 ft for 220,000 volt hnes The question of clear- 
ances between conductors will be taken up m Chap VIII m con- 
nection wnth the problems of msulation 
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types of tiansmission toweis as used on the 220,000-volt 
Pitt Ru er line of the ilount Shasta Powei Coipoiation (a subsid- 
lary oi tne Pacific Ga< and Electiic Company) are shown m 
I ig 50 A moie usual consti notion foi double-circuit three- 




IVeiyhl- per ft 


Fig 50 — Towers of the 2J0,000-\olt Pitt Eiver transmission line 


phase lines is shown in Fig 51 where the middle cross-arm is seen 
to be longer than the other two This illustration is reproduced 
from photograph kmdly supplied by the Ohio Brass Company of 
Mansfield, Ohio, The towers were designed and constructed by 
the American Bndge Company of Pittsburgh for the American 
Gas and Electric Company's 130,000-volt transmission line 

^ Reproduced by permission, from the article by F G Baum and S 
ButiOED, Elec Wo7ld, Jan 27, 1923 
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between Wheeling, W Va, and Canton, Ohio The slx con- 
ductors are each of 200,000 circular mils cross-section, and the 
two grounded guard wires are of the same size The line is 55 
miles long with an average length of span of 5S0 ft The reason 
for the greater separation between the two middle wires is that 



Fig 51 — Typical steel to'w er transmission Ime 


there is less risk of contact between wires owmg to unequal 
vertical loadmg by ice deposits A good example of large steel 
towers IS to be found m the 100,000-volt transmission hne of the 
Great Western Power Company of Calif orma Two three-phase 
circuits are earned on these towers, the vertical spacmg between 
the cross-arms bemg 10 ft There are three cross-arms, each 
carrying two conductors — one at each end The horizontal 
spacing between "wires is 17 ft on the two upper cross-arms 
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and IS It on the lowei cioss-aim, which is 51 ft above ground 
level Xo conductor is clo«?er than 6 ft 5 in to the steel struc- 
tureb tm:r being the minimum clearance m the horizontal direc- 
tiun The aveiage distance between toweis is 750 ft , and they 
arc joined at the top by a grounded guard wiie 5 ft above the 
bottom of the highest cioss-arm The base of the tower meas- 
uies 17 It square the paits undeigiound being separate pieces 
of ste^! bulled to a depth of b ft » to which the tower proper 
1 - bolted aftei bemg assembled and elected on site 

The size of base in relation to the height of the tower may usually 
be deteT mined by the designei, who will decide upon a dimension 
which leads to economy m material, but there are occasions when 
the configuration of the ground, oi the cost of right of way may 
lead to the adoption of base dimensions smaller than might be 
desirable if the cost of the tower and its foundations were the 
only consideiations 

66- Loads to Be Resisted by Towers — The maximum load 
which a tower must be designed to withstand will depend upon 
the number and size of wnres to be carried and the estimated 
ice coating and wind velocity Apait fiom the wind pressure on 
the structuie itself, the loadmg m a direction transverse to the 
Ime will be equal to the resultant wind pressure on all the wires 
tw'hich may or may not be lee coated, depending on the chmate) , 
the effective length of each wire bemg the distance between 
supports 

In the direction of the hne, the forces are normally veiy nearly 
balanced, but in the event of one or more wires breaking, the 
unbalanced load may be considerable, and it is well to design 
the towers, if possible, to withstand the stresses imposed upon 
them if two-thirds of all the conductors m one span are severed 
It must not be overlooked that if the wires break m one span only, 
the cross-arm, if pm-type msulatois are used, will be subjected to 
a twistmg moment, and if the break m the wires is at one end 
only of the cross-arm, the whole tower is subjected to toisional 
stram With conductors of large cross-section as used on 
some of the modern main lines, very heavy and costly towers 
would be necessary if failure of the tower is not to result from 
failure of the conductors m one span For this reason some 
engmeers prefer to use a type of conductor clamp with a gripping 
p>ower adjusted to permit shpping of the wire when the puU 
exceeds a certam predetermined limit. 
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The veitical or dead loads consist of the weight of the towei 
itseK and the wires of one span, -mth possible increa*=e in weight 
due to sleet oi ice The cioss-arms must be of ample strength 
to take all veitical load'- mcluding Tt eight of m^^ulators, tv ith a mar- 
gin to covei the extia weight of men woiking on the tower 
The appiOMmate weight of insulators is gnen m the following 
table 


Work’n^, 

* "I t»l 

\pprovimate iRht oi 
insulator, pounds 

Pm tvpe 


1 

22,000 


6 

44,000 


16 

66 000 


32 

Suspension tv pe 

66 000 


44 

SS 000 


60 

110 000 


SO 

150,000 


no 

220,000 


- 140 


Particulais legardmg wmd pressures were discussed m Art. 45 
of Chap V The wind velocity rarely exceeds SO miles per hour 
either on the American continent or m Europe Tornadoes and 
cyclones are not consideied, because attempts to construct over- 
head lines strong enough to withstand them would rarely be 
justified In regions where sleet deposits aie to be expected, it 
IS geneially sufficient to allow for the Class B loadmg on the wires 
(see p 110) For the wind piessure on the toweis it is customary 
to neglect any possible ice deposit and allow for a wind pressure of 
13 lb per square mch on 1 5 times the exposed aiea of one face of 
the tower 

In regions where strong wmds may be expected, but where 
sleet deposits do not occur, a maximum wind velocity of 76 
miles per hour seems a reasonable assumption This corresponds 
to a pressure of 21 lb per square foot of flat surfaces on towers, 
and 14 lb per square foot of projected surface of wires and cylin- 
dncal poles The total transverse load is dependent upon 
the length of span, which must be deterimned with due regard 
to economic consideiations 

Factor of Safety — Smce there is a possibility of imsunderstand- 
ing regardmg the exact meanmg of this term, it should be 
observ’’ed that what the purchaser of a transmission line tower 
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\\ ant^ to know is the inciease ovei the assumed maximum loading 
:or speciSed loading) at \shich the tower may be expected to fail 
It ij? the business of the de^ignei to choose umt stresses in the 
\anou< memheis oi the stiuctuie which will comply with the 
loqurement^ in the mattei of safety factois Fiom the pui- 
cha-ei ^ point oi Mew it is mcoiiect to define safety factoi as the 
lano or ultimate unit tensile stiess in the mateiial to unit stress 
u^ed m the design calculations, because failure of the whole 
stijctdie will usually occui when the elastic hmit in any one 
comp 2 e'^<lon membei is exceeded This will usually result in 
bending or bucJding and the complete collapse of the whole 
structure Thus w’hen the unit stiess is about 60 per cent of 
the jltimate stress, the structure is hkely to fail, so that the 
actual safety factor of a towei designed with ultimate unit stress 
2 5 times the woikmg umt stress would not be 2 5 but 2 5X06 
= 15 approximately ^ 

Altnough the location, height, and piobable loadmg of each 
mdiMdual tower m a tiansmission hne might seem to call foi 
man}" special designs leading to economy of material, it is usually 
found that three types of structuie aie sufficient to meet the 
lequirements of the aveiage transnussion hne, except for iiver 
ciossings or exceptionally long spans which occasionally require 
extia-strong or extia-tall suppoitmg stiuctures The so-called 
ngid type of steel towei is, theiefoie, generally supphed to with- 
stand the maximum loadmg under the following conditions 

1 Standard towers on stiaight runs, with aveiage spacing 
between towers 

2 Semi-strain towers foi use with normal spans on angles up to 
15 deg or on stiaight runs with spans longer than the average 

3 Stram or dead-endmg towers for angles between 15 and 45 
deg and for the teimmals of hne sections These towers are 
capable of withstandmg the pull of all the wires on one side only 

By proMchng each t}"pe of tower with extension bases to m- 
crease the height when necessary, it is generally possible to plan 
the transnussion Ime so as to reqmre very few, if any, additional 
structures of special design 

^ On account of the ambiguity of the term “factor of safety when applied 
to structural steel designs, the American Bndge Company use the expression 
“possible o\ eiload ” to mdicate the amount of load, m excess of the specified 
design load, v^hieh a transmission toiler may be expected to withstand 
before failure 
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66. Design of Steel Towers — Xo attempt will be made in 
these pages to go mto the details of steel to\\er design This is a 
matter which should be lett to the manufacturer, but theie aie 
numerous books available foi the i eat lei who wishes to go iuithei 
into this subject ^ At the same time, it may be t^ell to point out 
that thin metal, even foi biacing membeis of a steel tower, 
should be avoided Stiuctuies made of few pieces of compara- 
tivel}" hea\y section steel will geneiallv piove more durable than 
those built of a largei numbei of hghtei parts The tendency is 
toward the avoidance of hght-w'eight members, although, on 
the other hand, cioss-bracmg at faiily frequent mteivals cannot 
be omitted without having the unsuppoited sections of mam 
members m compression longei than would be desirable or safe 
The present practice is to avoid usmg material less than m 
thick, even for web members For permanent structures that 
are to be pamted, ? e , not galvanized^ some engmeers specify a 
minimum thickness of }i m Alain membeis should never be 
made of material less than m thick, and where large-angle 
sections, such as 4 by 4 in , aie used for the corner legs, it would 
be ad\usable to have a minimum thickness of ^ i e m "ttlien rods 
are used for tension members m place of flat straps or angles, a 
minimum diameter of fs is customarj^ 

The most economical design of tower to withstand the piob- 
able loads that it wnll be subject to, and to satisfy local conditions, 
mcludmg such consideiations as transport and erection facilities, 
is a problem deser\nng close attention on the pait of the engmeei 
lesponsible for the design of the transmission hne A study of 
the probable loads to be lesisted under the worst weather con- 
ditions wnll enable the desigmng engmeer to specify certain test 
loads which wnll msure that the finished structure will be stiong 
enough to fulfil the practical reqiurements The propei value of 
these test loads and then distribution or pomt of apphcation 
should be determmed only after mature consideiation The 
cost of a tower — apart from the height, which is a function of 

^Paixtox, E T , “Mechanical Design of Ov’erhead Electric il Transmis- 
sion Lmes,” Chapman & Hall, Ltd 

F , “Overhead Transmission Lmes and Distributing Circuits,” 
D Van Nostrand Company 

WoLPE, W S, “Graphical Analysis,” MoGraw-Hill Book Company, 
Inc 

Hool, G a and Kivxe, W S , “Stresses m Fiamed Structures,” 
McGraw-Hill Book Company, Inc 
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the length of ^pan— is detei mined laigely hy the specifications of 
te-t load^ A specification callmg foi tests that are unnecessarily 
seveie ju«t at true an indication of incompetence on the part of 
the de^^aning engmeei as a specification gmng test conditions that 
Will rc-ult in a tower too weak foi the actual lequirements 
The calculation of '^tresses in the vaiious membeis of so simple 
a ^tiuctdie a tiansini^sion Ime towei is not a difiicult mattei, 
e-peciaii\ n giaphical oi semi-giaphical methods are adopted If 
the deaignmg eneineei will make sketches of two oi three alteina- 
tne designs likely to fulfil the requiied conditions, he should 
be able quickly to calculate the appioximate value of the stresses 
m the prmcipal membeis, and so obtam a lough idea of the rela- 
tive weights and costs of alternative designs The danger of 
lea\nng the problem entirel}" m the hands of the manufactuier is 
that the latter is alwaj's tempted to put foi waid a design of which 
he has perhaps made a specialty, and which may have given 
entire satisfaction m practice without necessarily being the best 
tt^pe of structure for the puipose, or being entirely suitable for 
use under different conditions 

Stre^tes in Compiebsion Meinheis of Tower Structures — The 
failure of steel towers under excessive loads is almost invariably 
due to the buckhng of the mam leg angles in compression 
The designer should, therefore, pay special attention to the 
propomonmg of compression members m the structure With- 
out going mto a discussion of the many empincal formulas used 
for determinmg the loads that struts or columns can withstand, 
it may be said that, for tower designs, the “straight-line^^ for- 
mula, as suggested by Bun, is quite satisfactory provided the 
ratio Z — r hes between 40 and 200, this last figure corresponds 
to a length of compiession member not exceeding about twenty 
times the width of flange This formula is 

Scomp 

where Z is the length, m mches, of unsupported portion of com- 
pression member, 

? is the least radius of g3n'ation, m mches, 

_ / moment of mertia 
\ area of section 

Scomp is the umt stress (pounds per square inch) m the 
column, 

A IS a constant determmed experimentally, 




TRA.\6MIS.^10y LI\E SUPPORTS 


177 


K IS the unit crushing stress which would be allowed if the 
column were verv' shoit It has already been pointed out that 
a fabiicated steel structure such as a transmission hue towei may 
be expected to fail when the stiess m one of the members exceeds 
the elastic hmit of the material Failuie of members in com- 
pression must, therefore be expected to occur before the unit 
stress K attams the ultimate crushing stress which a short column 
would be able to withstand 

Many foimulas are m use, the foUowmg bemg a selection from 
among the best known 

“Straight-lme'’ formulas gi^ung unit stress to produce per- 
manent deformation — and probable failure — of steel columns 

Scomp = 27,000 — 9o|- foi values of ^ above 150 (70) 

Scomp = 35,000 — 12o| foi values of ^ below 150 \71) 

Scomp = 44,000 - 163^ (72) 

this last bemg the Tetmajor formula in connection with which 
it is stated that ^ shall not be greater than 105 

Formulas for bafe uoiling sticbs m structural steel members m 
compression 

= 18,000 - 60^- (73) 

which is used m England m connection with bndge construction, 

-Soomp = 24,000 - 60^ (74) 

which IS the formula suggested by the National Electnc Light 
Association of America 

In the year 1917 the American Bndge Company of Pittsburgh 
made a series of tests on angle sections m compression and they 
have developed ^^straight-hne” working formulas based on the 
results of these tests Assummg that the tower may be expected 
to fail when cairying an overload of 90 to 96 per cent, the umt 
stress m compression members (pounds per square mch) is, 

20,000 — 85^ for values of ^ up to 150 
15,500 - 55^ for values of ^ between 150 and 250, 


and 
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A&buming the hteel to withstand 60,000 lb per square inch in 


compre^jsion 


hen the column is \ eiy shoi t very nearly equal to 


zeio it follow s that w hat is sometimes leteiied to as the “factor 
ot safety bemg the ratio of ultimate to working unit stress, is 
3 33 for formula (73) and 2 5 for foimula (74), but these figures 
tiio not a conect mdication of tv hat overload the tower will 
stand befoie collapse because a tow^er designed on the basis of 
formula 73 < may be expected to fail when the load is actually 
only 50 per cent m excess of the specified maximum loadmg upon 
which the calculations are based (compaiefoimulas (73) and (70)) 
In usmg any of the above formulas, it is important to note that 
they do not apply to very long columns m which the slenderness 


^aPo- IS appreciably greatei than 200 


It IS customary to choose 


for the \ anous members of the tow'er structure a standard section 


of structural steel of such size as to hmit this ratio - to 130 for 

? 


mam members and 200 for lateral and secondaiy members such 
as cross-biaces 

The fact that for a given cross-sectional aiea, the shape of the 
section IS an impoitant factoi m determimng the stiffness and 
ultimate strength of the members m compression, suggests that, 
where lightness and economy of material are of great importance, 
a section of structural steel haxung a large moment of inertia 
per square mch of cross-section should be chosen The standard 
sections of roUed angles or tees are sometimes replaced by steel 
tubes 


As an example of the relative economy of the tubular form and 
other forms of section, when used as comparatively long struts, a 
steel tube 7mm internal diameter, ui thick, weighmg 10 lb 
per foot, will be as efficient m resistmg compiession as a steel 
angle T^i by 7^2 by Ji m thick, weighmg 25 lb per foot, or as 
an I beam 8 by 6 by } i m thick, weighmg 36 lb per foot So 
large a tube would not be required except m very high towers, 
a tube from 4 to 5 m m diameter would generally be large enough 
for the mam members of a transmission Ime tower up to 100 ft 
high 

Although supportmg structures built of tubes would seem to 
lead to economy of material, there are certam practical objections 
to the use of tubes m the place of the more usual angle sections 
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It IS almost impossible to prevent tvater getting into the tubes 
and causmg rusting of the mteiior surfaces Trouble has been 
experienced thiough the heezing of water in the mam membeis 
causmg cracks in the tubes, and the difficulty of making satis- 
factory joints between the various membeis of the towei aie 
much greater than in designs using the standaid sections of 
stiuctuial steel This difficult}’' has to a large extent been 
overcome by the more extended application of electric welding 
processes, and welded wuieless towei s 150 ft high have been 
successfully constructed of steel pipe ^ 

67. Outlme of Usual Procedure for Calculatuig Stresses in 
Tower Members — The illustration Fig 52, w’hich is reproduced 
by kmd permission of the Shawnnigan Watei and Power Company, 
and the Canadian Budge Company, lamited, shows a typical 
square-base galvamzed-steel tower as used on the Three Rivers 
hne of the Shawimgan Water and Power Company of Montreal 
These towers aie designed to carry six aluminum conductors of 
nmeteen-strand 200,000 ciiculai mils cable, each being suppoited 
by seven suspension disks of the Ohio Brass Company’s standard 
type In addition to the conductois theie aie two ground wures 
of stianded Siemens-Martm steel cable attached to the 

pomts (1) at each end of the upper cross-aim The Ime is built 
for 100,000 volts 

The method of procedure m calculatmg stiesses is to make a 
sketch showing the pomts of application, and the vertical and 
horizontal components, of the outer forces Then indicate by 
arrows the assumed horizontal and vertical components of the 
leactions, usmg the suffixes i? and L to indicate the direction 
or assumed diiection of the horizontal components Since 
the whole structure is m equihbnum under the influence of the 
various loads and reactions, it is merely necessary to see that the 
three following conditions are satisfied at any point considered 

1 The sum of all vertical force components = zero 

2 The sum of all honzontal force components — zero 

3 The sum of all moments about any pomt = zero 

When takmg moments in any particular plane, all those in a 
clockwise direction woMd be considered positive and those m a 
counterclockwise direction negative All jomts are considered as 
fnctionless pivots, which assumption is, of course, not strictly 
correct, especially m the case of riveted jomts It is usually 

^ Enff News-Record j p 650, Apr 20, 1922 
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an ea^v niattei to choose a =?ection thiough the structure m 
^uch a po-xtion that the sti esses in a given bai can leadily be 
calcuiateri by apphing one or more of the three equations of 
equilibiium 
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Towers are designed for the following Loadings 

I Breast pull of 12000’'*^ horizontal, normal or pajs 
allel to line applied, equally at four points 7 
and 10 

n 2600’^parallel to line at each of two points 2,8, 
and 4, on one side of tower 
^ 3000 parallel to line at one point 1 

IV 3W0'*\ertically at each of three points 1-2 3 and 4 

V BOO* . »» eight •» 12 Sand 4 

X and V are simultaneoos 

2?ote 

All bolts H with sq nut and std, '*5^10 gage 
B £ S washer 

Holes punched ”/ii> for “a ^ bolts 
All members galvanized 


Fig 52 — Steel tower with members of angle section 


The sketch, Fig 53, will serve to illustrate the method usually 
followed in calculating the stresses m the mam members of a 
tower structure such as the one shown m Fig 52 The loading 
considered is that correspondmg to the condition of test loads 
I and T" applied simultaneously 
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The point at which the horizontal biea^t pull of 12,000 lb 
applied coiiesponds approximately to the pomt 65 ft above 
ground level wheie the corner legs w ould meet if produced be^ ond 
the points {13i The weight of the tower ("which it is supposed 
has not yet been designed m detail; is taken at 4,000 lb , and this, 
together with the test load T', gives a resultant vertical loading of 
12,800 lb apphed somewhere on the center hne of the tow’er 
Consider a section such as XT 


which cuts only thiee members, 
namely, the leg A at ground level, 
the leg B just above the joint O', 
and the diagonal brace C 

Select a pomt 0 where the mem- 
beis A and C meet, and consider 
the moments, m the plane of the 
paper, which are produced about 
this pomt by the external forces 
and the reactions in the members 
severed by the imagmarj^ section 
X Y It is ob\ious that the stresses 
m A and m C have no effect on the 
tendency of the part of the structure 
above the section hne to rotate on 
the pomt 0 , and the whole of the 
externally apphed tummg moment 
must be resisted by the stress m 
the member B Therefore, 



stresses m tovier members 


(12,800 X 5 75) + (12,000 X 47 5) — (x X 11 5) = 0 


from which it is found that r = 56,000 lb 

Smce there are two members B taking the whole crushing 
stress, the total load tendmg to crush the one member B is 28,000 
lb The length of the unsupported poition of this member is 
5 5 ft or 66 m The cross-section of 4- by 4- by } 4 -m angle is 
1 93 sq m and the least radius of gjTation, r = 0 79 The test 
load should not stram the tower beyond the elastic hmit Usmg 
the formula (71), the ultimate stress is 

Seomp ~ 35,000 120 79 ) 

= 25,000 
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comer membei theiefoie, capable of supporting, just 
before cobap'^e a compressi\ e load oi 1 93 X 25,000 = 48,300 lb 
It t'hojld be or ample ^tiength to lesist the test load of 28,000 lb 
without permanent deformation 

Turning now to the upliftmg force actmg in the member A and 
tending to pull up the foundation, the centei from which the 
iiir>mrnt^ are calculated is shifted to the point O' where the mem- 
ber- C and B meet The equation of moments is now 

•12,000 X bo) - (12,800 X 8) - (r X 16) =0 
whence r = 42 300 

and the tension in one corner angle .4 is 21,150 lb 
The abo\e example briefly" desciibes what is known as the 
method ot moments It has been assumed that the tower side 
under con^^ideration hes in the same plane as the external forces, 
hut the error mtioduced is practically neghgible It is an easy 
matter ii desired, to make the necessary coirection 
When calculatmg the stresses m a diagonal member such as C of 
Fig 53, the moments would be taken about the point 0", which 
is the junction of the members A and B, but in that case 
the actual loads on cross-aims and the wmd pressure on the side 
of the tower would have to be taken mto account and sub- 
«?tituted for the concentrated test load of 12,000 lb at the point 
0", which does not produce any stress m the brace C so long as the 
comer angle -4 remams truly straight and exerts no lateral pres- 
sure at the pomt 0 The method of moments can usually be 
apphed for all sections of a tower structure if the imagmary 
dividmg planes are properly placed The counter members or 
ties that are not m tension under the conditions of loading con- 
sidered are usually assumed to be non-existent, 2 e , to serve no 
useful purpose as compiession members 
When computmg the stresses in the flexible A-frame steel 
structures, it is assumed that the structure remains always 
normal to the Ime m a vertical plane, but unbalanced forces 
in the conductors will actually deflect the frame from this position 
and so reduce its possible resistance to transverse loads It is 
practically impossible to calculate the strength of the distorted 
frame, and although flexibihty m the direction of the hne is 
usually a desirable feature of this type of structure, it is very 
important to design the so-called flexible steel towers so that 
they will not be deflected unduly by such torsional loads as they 
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may be subjected to at times when «:trong w’lnds aie blow^ing 
acioss the Ime This matter of the possible weakening of this 
tjiDe of stiuctuie m a direction transverse to the line has already 
been referred to in Alt bS seep 166 1 

Lighi-neight Steel ToKt /^ — The steel u-^ed m the construction 
of transnussion hne tow ers is usuallj" what is known as Class A 
basic open-hearth steel, as used for steel buildmgs its ultimate 
strength is between b0,000 and 70,000 lb pei squaie mch, but 
stionger material is obtainable and may be used w^hen light 
weight is of great importance Since it is not the cost of the 
tower at the factor}", but its ultimate cost erected on site w hich is 
of mteiest to the pui chaser, it is ob\uous that light weight, even 
at a considerably higher price per pound of material, may some- 
times be desirable 

Stiffness of Steel Ton et s Deflection unde/ Load — The deflec- 
tion of the top of a transmission Ime tow"er of the ordinarj" hght 
windmill t}"pe wuth wide square base, w"hen bolted to ngid 
foundations and subjected to a horizontal load such as to stress 
the material to nearly the elastic limit, might be from 2 to 5 m 
With legard to the two-legged or ' flexible tjpe of tower, if this 
is of uniform cross-section, it ma}" be treated as a beam fixed at 
one end and free at the other end If the resultant puU can be 
considered as a smgle concentrated load of P lb applied m a 
horizontal direction, at a pomt H in above ground level, the 
deflection, m mches, will be 

, PH^ 

^ ~ ZEI 

where E is the elastic modulus for steel (about 29,0(X),0()0, being 
the ratio of the stress m pounds per square mch to the extension 
per umt length), and I is the moment of inertia of the horizontal 
section of the structure 

68. Tower Foundations. — The upward pull of the towrer legs, 
which was found m the above example to amount to 21,150 lb , 
^as to be resisted by the for(ndation The weight of concrete 
knay be taken at 140 lb per cubic foot, and of good earth at 1001b , 
the volume of the earth to be lifted bemg calculated at the angle 
of repose, which may be about 30 or 33 deg with the vertical, 
as mdicated m Fig 54. If the footmg of a tower is m gravel, or a 
mixture of sand and loam tightly packed, there is actually a far 
greater resistance to the pullmg up of the footmgs than that which 
IS offered by the mere weight of the footmgs with pnsm of earth 
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a- calculated m the U!^ual wav Even if the calculated frustum 
of earth be considered tree to move in an upward direction, the 
anftle o'- repose foi fiim eaith mav be taken at 55 deg instead of 
the usual 10 dfg which lefers to coaise sand, dry clay, oi damp 
earth For w et clay this angle is about 20 deg , and for very fine 
sami It maj be as small as Iti deg 

When conciete has to be used, it is sometimes cheaper to rem- 
force It with steel of an inveited T foim, as this makes a lighter 
con'ti action than a solid block of concrete, and an equally good 
hold IS obtamed owmg to the inei eased weight of the packed 



Fig 54 — Foundation for steel tower anchor stub 


earth which has to be hfted At the same time it must not be 
forgotten that the diggmg of a large hole 5 to 8 ft deep is con- 
siderably more costly than the diggmg of a hole about 2 ft 
square, and this extra cost in erection must be taken account of 
m designing the footmgs In marshy or loose soil, or where the 
nght of way is likely to be flooded, special attention should be 
paid to the design of durable foundations Concrete footmgs 
with or without piles, or rock-filled ciib work may be necessary. 
It lb a matter reqmrmg sound judgment and, preferably, previous 
experience on the part of the engmeer in charge of construction 
Crumblmg hillsides are best avoided, it is extremely difficult to 
guard agamst damage by land shdes or even snow shdes when 
towers are erected on the steep slopes of hills 
The use of concrete adds considerably to the cost of foundations 
and it should be avoided if possible, on the other hand, it is not 
easy to design foundations to resist a given uplift without an 
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exact knowledge of the soil conditions at the site of the towei 
For the greatest economy of foundation, it is necessary that the 
designei obtam rehable information on this point 
Assummg an average angle of slope of 30 deg , as mdicated in 
Fig 54, and a weight oi soil of 100 lb per cubic foot, the depth of 
foundation may be calculated as follows* 

Let h — depth of footmg below ground level, in feet 
r = eqmvalent radius of footing aiea, in feet 
R = radius 'm feet' at giound level of conical section of 
earth to be lifted 

6 = angle of natural slope of eaith 
The volume of frustum of cone to be lifted is 

r = + (75) 

or if r + A tan 6 be put m the place of 7?, 

Y = I A( 3;2 4 . ;^2 tan 2 0 4- 3/^1 tan d} (76) 

If ^ = 30 deg , tan 6 — 0 5774 and (approximately), 

r = + 0 11/i- + 0 oSihj (77) 

If r = 1 ft , and A = 7 ft , the volume of earth to be lifted, by 
formula (77) is then = 230 whence the weight of earth to be 
lifted IS approximately 23,000 lb As pre\aously mentioned, if the 
soil IS firm, this method of calculation usually gives results well 
below actual values of pull required to uplift the footmg Undei 
the conditions upon which this example has been based, it is 
probable that the footmg would not move until the pull was 
about 30,000 lb ; there would then be a packmg of the soil 
immediately above the footmg, and a final pull of about 40,000 
lb might be necessary to uproot the stub and footmg 

On account of the uncertamty of the data used m calculations 
on towel anchorages, it is advisable to allow a factor of safety 
about 25 per cent greater than that used in the design of the 
towers themselves. Thus, if the tower itself may be expected to 
fail when the loadmg is 50 per cent m excess of the maximum load 
which it IS ever likely to be called upon to withstand, a factor of 
safety of 1 5 X 1 25 = 1 875 or, say, 2 should be used in the 
calculations for the footings If the factor of safety used m the 
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to\\er design- is 2, a tactoi of 2 5 should be used in calculating 
the holding power oi the anchoiage 

Some tv^pes o: conciete footmgs for the usual wide-base steel 
to^\e^ aie shown m Fig 55 It is important to shape the top 
surface ul the conciete around the steel stubs so as to avoid the 
formation of water pockets which would ultimately cause corro- 
-lun of the metal at this pomt 

When concrete is not used, the design of the anchors is a matter 
that should leceive very careful consideration If towers aie to be 
'?ubjecte< I to load tests these tests should, if possible, be conducted 
on a totter set on its anchors, as used in the field, because 



the strength is to an appreciable extent dependent upon the 
method of attachment of the tow^er’s legs to the anchor stubs 
The design shown in Fig 54 has the disadvantage that there is 
a possibility of bending forces causmg distortion or breakmg of 
the straight unsupported length of angle iron between the f ootmg 
and the upper end of the stub which is bolted to the corner mem- 
ber of the tower This possibihty is illustrated by Fig 56 
Assuming the usual square-base tower with four anchor stubs, the 
resultant force tendmg to uproot the anchor stub OF is the vector 
OR of which the horizontal component is OH = and the 

^ Heference is here made to the true factor of safety and not to the so-called 
isafet\ factor based upon ratio of ultimate unit stress to umt stress used m 
design calculations (see Art 65) 
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vertical component is OY = ^ If* Mote that this 

lesultant force is not necessarily in the direction FO, and that it 
may be lesolved into the two components OL, acting along the 
a\is of the stub, and OB m a direction perpendicular to OF It 
IS this component \\hich may cau*^e bending in the event of the 
earth jneldmg near the giound level Even a slight displacement 




Fig 56 — Illustrating possibilitj of bending fortes in to^er footings 


of the pomt 0 would result m abnormal stresses in the to^er 
members, and this might lead to failure of the whole structure 
The tendency to avoid concrete footmgs m order to reduce 
erection costs is not unreasonable provided proper attention is 
paid to the design of footmgs If the smgle angle section with 
grillage and stiffenmg braces at bottom, as shown m Fig 54, is 
replaced by three angle members forming a tripod connecting a 
tnangular plate of adequate area to a common pomt on the mam 
anchor stub only a short distance below the ground level, a 
satisfactory tower footmg is obtamed 



]SS ELEtIRIt POWER TRAXSMLSSIOX 

Anothei of footing foi use Tvnthout concrete is the design 
ot the Ameiican Budge Company, which is illustrated in Fig 57 
Thi- w.rtually has the effect of continuing the lower biaces of the 
towe^ toaethei ^nth the mam coiner member, to a pomt about 3 
ft tne ground surface, where any stresses tendmg to move 

the footing m a horizontal direction are taken by short lengths 

of channel section bolted to the two 
sides of the mam stub 
When structural steel, whether gal- 
vamzed oi not, is embedded in con- 
ciete its life is practically unliimted, 
but there is always the possibihty of 
corrosion when the galvamzed-steel 
footmgs fabricated from standard 
structural sections are diiectly m con- 
tact with the soil In many instances 
the corrosion has been found to be no 
gi eater below than above ground, but 
when the soil is of an alkalme nature, 
corrosion may be very rapid 
A pomt of importance m the design 
of towel foundations is the area of the 
footmg m contact with the earth In 
the case of the upward pull on the 
stubs connected to the tower mem- 
beis m tension, the weight of the cone 
of earth to be lifted may be ample to 
piovide the desired factor of safety, 
but movement of the tower founda- 
tions may occur through the packmg 
of the earth due to excessive unit 
pressure o%er the upper surface of the footmg, and this move- 
ment may be appreciable notwithstandmg that there may be no 
disturbance of the ground surface. A surface of not less than 1 
'•q ft for ever}' 10,000 lb of the vertical force which wiU pull out 
the anchors should be pro\uded, unless the nature of the soil is 
such as to justify a reduction of this allowance. 

Tfic Malone Anchor — The trouble referred to above, namely 
the compression of the earth above or below the footmg without 
disturbance of the ground surface is not hkely to occur when the 


V, f 




F u j 7 — ^peflal dtsign of 
tower footmg 
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‘‘ilalone anchor'’ u^ed - Thi'- t^pe of towei footing con'>i'-t^ 
of a drilled hole with an enlaigement at the bottom sprung In 
dynamite and filled Tsith concrete into which the anchoi «tub i^ 
pushed and held m position until the conciete has set A hole 
5 or 6 m m diameter can be bored to a consideiable depth at a 
much lowei cost than that of the excavation^? requiied in connec- 
tion ’With the usual method- of settmg anchoi <?tubs Dynamite 
IS exploded neai the bottom of the bored hole and this produces 
a cavity, usually nearh” spheiical m shape and approximately 2 ft 
in diameter, mto which the concrete is poured alter the anchor 
leg — usually a straight length of angle steel — has been coiiectly 
set m position The bored hole is also filled “with concrete, but 
the amount required for a given holding-down pull is veiy much 
less than for concrete footmgs of the ordinal 1} pe 

69. Guys for Steel Towers — There is an unexplamed prejudice 
agamst the gu^ung of steel towers where extra strength to re'?ist 
lateral loads is required By gitung proper attention to the 
method of gujnng, and mspectmg the Ime at regular mteiw^als, 
there is no apparent reason why this fairly ob\nous deduce to 
save the extia cost of special stiuctuies should not prove entirely 
satisfactory The so-called rigid tower with wide base and 
costly foundations is a somewhat clumsy de\ice to take care of 
the enormous stresses at pomts where high-strength conductors 
are dead ended or where the hne turns at a sharp angle Undoubt- 
edly there are situations where natural obstacles or difficulties 
of right of way render guxung impossible or uneconomical and 
m such situations the self-supportmg, very strong, and veiy 
costly steel tower will have to be used, but there are many 
instances where economy might have been effected if the faiily 
obvious dexuce of gu^ung comer or terminal stiuctures had been 
resorted to It has aheady been stated that the maximum 
deflection under load of the square-base iigid type of steel tower 
does not exceed a few mches, and it would, therefore, be folly to 
design such a structure of msufficient strength to resist lateral 
loads and then “strengthen’’ the tower by long obhque guys with- 
out bemg sure that the yield of the guy anchorages and the elastic 
extens on of the guys themseh^es would be appreciably less than 
the deflection of the tower which would stress the members of 
the structure beyond the elastic hmit of the material In other 
1 Eler World, p 524, Mar 3, 1923 
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a eaved tov,ei should not have a wide base bolted to 
immovable foundations, but should be designed as a column, to 
with-tand \ertical loads, with a nanow base or even (if necessary) 
a pivoted base ^o that the gu^" wuies would take their full share of 
the load There aie man}- tiansmission lines using the flexible 
type 01 steel support t\ith head guys and coiner guys provided 
tv here needed that have cost less and given quite as good service 
as the lines with wide-base iigid towers and longer spans It is 
probaole taat the latter constiuction -will hold its own in connec- 
tion tvith important extra-high-voltage developments, but when 
economv is considered— as it always should be, by the engineer — 
it IS possible that, where special structures are required to resist 
e\tra-hea\y lateral loads, guyed towers may ultimately take the 
place of the monstrous self-supportmg structures which other- 
wise would be necessary 

70 Layout and Erection of Overhead Transmission Lmes — 
This book IS not intended to give practical advice to construction 
engineers or the men actually engaged m the work of erectmg 
poles or towers and strmgmg wires A competent construction 
engmeer, Tvith expeiience m handhng men and materials m the 
field, should be given a free hand m plannmg and executing the 
work of erectmg a power transnussion Ime, and such a man will 
not denve much assistance from books On the other hand, 
there are some excellent books available dealmg with the more 
practical side of transmission hne engineering These include 
the various electncal engineering handbooks The reader 
desinng information on the methods ordinarily adopted m 
carrjmg out the details of construction is referied to these other 
sources of information, also to the papers and articles which 
appear from time to time m the journals of the engmeermg socie- 
ties and m the techmcal press ^ 

The prmcipal reason for referrmg to these matters m this 
place IS to emphasize the importance of devotmg much time and 

^Luntxiost, R a, “Transmission Lme Construction,” McGraw-Hill 
Book Company , Inc 

Coombs, R D , “Pole and Tower Lines,” McGraw-Ebll Book Company, 
Inc 

P\i\TOV, E T ** Mechanical Design of Electric Transmission Lines,” 
Chapman & Hall, Ltd 

Refer also to manufacturers’ publications for useful details and 'recom- 
mendations m connection with the construction and erection of ov^erfiead 
transmiS4sion hnes 
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thought to the vaiious detaiK of oveihead line construction 
hefo/e the vo/k act^aUy ^ta/ted The proper setting out of the 
hne IS among the most important matteis connected with over- 
head constiuction Ii a Ime is not carefully suiveyed and 
planned m eveiy detail, it t;m11 often be impos^'ible to get good and 
reliable sei\nce fiom it This does not mean that the commei- 
cial aspect of the undei taking is not of prime impoitance, on the 
contiaiy, it is the onl}” aspect from which an engineering undei - 
taking of the kmd under consideiation should be \uewed But 
this IS not equivalent to sajnng that a small first cost is always 
desirable, oi that even a short low -voltage transmission hne can 
be constructed and operated economically b}' persons without 
engmeermg skill and expeiience It is an easy matter to find 
examples of Imes that have cost too much but it is not impossible 
to find the transmission Ime that has cost too little — m the first 
instance 

At the present time new* powder developments at the higher 
voltages, and extensions on a laige scale of existmg power hues, 
are generally m the hands of competent engineers and are 'ver^^ 
thoroughly studied, but this is not always the ca^e with the 
smaller and lower voltage undertakings, some of which are not 
good examnles of engmeermg skill and foresight, and, although 
perhaps cheaply constructed in the first instance, do not fulfil 
adequately or economically the purpose for which they w^ere 
intended 

Deteimimng Position of Suppoits on Uneven Ground — The 
lowest pomt of the span is not necessarily the pomt at which 
the wires come closest to the ground T\Tien there is doubt as 
to the proper location of the supports in rough country", the 
method illustrated m Fig 58 wuU be found ver 3 " convenient 
The curve a is the parabola correspondmg to the required 
tension m the particular wnre to be used The ratio of the 
scale of feet for vertical measurements to the scale for horizontal 
measurements should be about 10 to 1 The dotted curves h 
and c are exacth" similar to a, but the vertical distance db repre- 
sents the mimmum allowable clearance between conductor and 
ground, while the vertical distance ac is the height above ground 
level of the pomt of attachment of the lowest wures to the stand- 
ard transmission pole or tower These curves should be drawn 
on transparent paper, they can then be moved about over a 
profile of the ground to be spanned, drawn to the same scale as 



192 


ELECTRIC POWER TRANSMISSION 


the cun e^, until the best location for the supports is found The 
DOint P \^he^e the cuive b touches the ground line is seen to be 
far removed from the lowest point of the parabola, in the example 
illu'-tiated in Fig 58 A little piactice will make the findmg 
of the points A and B an easy matter, even if the length of span, 
f>r di>tdnce between A and Bj must be kept between close limits 

This method is particulaily applicable to long-span hnes 
earned o^ei rough country 

In connection vnth the approximate location of the Ime and 
supportmg structures, m districts for which detailed maps are 



Fig oS — Method of locating position of towers m rough country 


not available, a series of photographs of the proposed route 
taken from an aeroplane by an expert m this new application of 
photography to land surveymg will sometimes shorten the tune 
and reduce the cost of prelimmary surveys 
A chapter treatmg of the mechamcal features of overhead trans- 
mission hnes might be expected to include the design and con- 
struction of outdoor substations and even such special structures 
as transposition towers The latter usually consist of simple 
modifications to standard towers, the exact nature of which will 
depend upon the ingenmty of the transmission hne engmeer who 
will usually decide upon details of construction m consultation 
with the manufacturer The design and eqmpment of outdoor 
substations are subjects of growmg importance which reqmre 
far more space than could be devoted to them here The techm- 
cal press, durmg the last few years, has described a number of 
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modem outdoor substations, the important features of v^hieh 
are the proper arrangement of the various pieces of apparatus m 
1 elation to each other and to the bus bars, and the provision of 
adequate msulation between high-voltage metal work and the 
grounded steel stiucture The design of the supporting structuie 
IS not a very difficult matter once the manner of attaching the 
insulators to the steel work and the necessary clearances for 
insulation purposes have been decided upon 



CHAPTER VIII 


INSULATION OF OVERHEAD TRANSMISSION LINES 

71 Insulation Problems Materials — The economic trans- 
mission of large amounts of electric energy over considerable 
distances involves the use of veiy high voltages The reduction 
of the current to be tiansmitted by mcreasmg the pressure of 
transmission effects not only a savmg m the weight and cost of 
conductors, but also keeps down the PR losses and improves the 
voltage regulation of the line by preventing excessive IR and 
IX, voltage drop The material most commonly used for 





Fig 51 —Single piece glass insulator Average weight per piece, 4% Ib 

Made for standard 1 m and special in pins Voltages— Test— Dry 86 200 

Wet 50,100, lane 17,000 ’ ’ 

insulators on high-tension overhead hnes is porcelain, but glass, 
which IS cheaper than porcelam, may sometimes be used to 
advantage on the lower-voltage hnes Figure 59 shows a glass 
hne insulator manufactured by the Hemmgray Glass Company 
of Muncie, Ind Glass is a material of high resistance and dielec- 
tne strength, but it is mechamcally weaker than porcelam and 
generally more hable to mjury from sudden and extreme varia- 
tions of temperature The Pyrex glass msulators, recently put 
on the market by the Cormng Glass Works of Cormng, N Y , are 
able to withstand power arcs without crackmg or suffermg perma- 
nent mjury. The Missoun River Electee and Power Company 
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of Helena, Mont has used glad's msulatois foi woikmg piessures 
up to 70,000 volts These msulatoits are mounted on wood 
supporting pms treated with paiaffin in a vacuum It is tiue 
that the climate is diy and the air free from dust or salt "vvhich 
might cause trouble with so high a voltage if the insulators were 
installed under less ravoiable condition*:? Poicelam is more 
commonly used foi the higher pressures than glass, but for volt- 
ages, up to 25,000, glass msulator^ have given satisfaction, not 
only m this country, but also m France where they are used m 
considerable numbeis for the lower -volt age power transmis*=:ion 
Imes 

For the suspension U’pe of msulator, as used for the higher 
pressures, porcelam appears to be the best material available at 
present, although it is fai fiom bemg ideally suited to the 
requiiements 

Insulators used on high-%mltage transmission hnes are the 
result of successive developments and impro\ements m the 
design and manufacture of msulatois originally used foi supporting 
telegraph wires and the low-voltage conductors of the earlier 
overhead hghtmg systems Of recent years the study of hne 
insulation problems has been conducted on scientific hnes, and 
the later developments are mainly the outcome of a more thorough 
understandmg of the fundamental prmciples involved m their 
design 

The design of msulators for the lower voltages is a compara^ 
tively simple matter, the difficulties becommg greater with the 
mcrease of pressure, although the mtroduction of the suspension 
type, which permits of many umts bemg connected m series, has 
considerably simphfied the problem 

It is impoitant to bear m mind that every msulator is neces- 
sarily a more or less comphcated condenser, and it can generally 
be thought of as consistmg of a number of separate condensers m 
senes, the dielectric bemg alternately air and porcelam The 
current passmg from Ime to ground is partly a leakage current 
over the surfaces (the leakage through the porcelam bemg gener- 
ally neghgible) and partly a capacity current This capacity 
current spreads itself over the high-resistance surfaces of the 
msulator matenal m a way which depends upon the surface 
conductivity and on the spacmg and disposition of the various 
parts It is well to keep the electrostatic capacity as low as 
possible, but it is of equal if not greater importance to distnbute 
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It bv a scientific arrangement of the component paits so that 
abnormal stresses will not occur locally These may punctuie 
or damage the insulator at one particular point, while a more 
carefully designed msulator of hghter weight may withstand a 
greater total breakdown piessure, because piopei attention has 
been eiven to this important mattei of capacity distribution 
The effect of ram on the exposed surfaces of an msulator is to 
inciease the capacity and this will generally lower the flash-over 
pomt, but the mcreased surface conductivity has the effect of 
equahzmg the potential distribution In the case of a large 
number of condensers m series, such as occurs especially with the 
•^juspension type of msulator, it has actually been observed that 
this equahzmg of the potential distribution may cause the flash- 
o\er pressure of the wet msulator to be no lower than the flash- 
o\er pressure of the same msulator when dry. 

If the distiibution of dielectiic flux could be easily determmed 
m the case of the rather comphcated shapes and varymg thick- 
nesses of dielectric which occur m high-tension hne insulators, 
it would be an easy matter to predict the performance of new 
types and sizes under specified conditions Although the dielec- 
tric circuit can convemently be treated m a manner analogous to 
the engmeer’s treatment of the magnetic circuit, there is always 
diflSculty (except m the simplest cases) m predeter minin g the 
amount and direction of the hues of flux or stress 
It IS not proposed to take up much space m discussmg details 
of design or in explammg exactly how an msulator should be 
proportioned to fulfil given requirements, but recent progress and 
the understandmg of present-day problems depend so much on 
an understandmg of the flux distribution and stresses in the 
dielectnc circmt that a brief review of the fundamental relations 
governmg flux distribution m and around msulators will not be 
out of place 

72. The Dielectnc Circuit. — The fundamental law of the dielec- 
tnc circuit IS 

^ ^ EC (78) 

where is the total dielectric flux (m coulombs) m a space of 
"which the permittance or capacity is C farads, when the potential 
difference producmg this flux is E volts 
If a small element of flux is considered, z e , a “tube'' of mduc- 
tion, of length I cm and cross-section A sq cm , over which the 
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fiu\ ^ IS evenly distiibuted, the flux density, in coulomb^- poi 
squaie centimeter, is 

D = ^ f79| 

If the difference of potential bet\\eeii the t\vo ends of the path 
I cm long IS E \olts the capacity or permittance) is proportional 

to exactly as m the analogous case of the magnetic circuit 

of which the peimeance is directly pioportional to A and inversely 
proportional to I 

With the proper constants mserted, 

( 10 ® \ k-i 

M3 X IQ^QjV "T 

wherem the numerical multipher results fiom the choice of 
umts The factor k is the lelative specific mductive capacity, 
or dielectnc constant, of the material 'A. = 1 in air), while the 
umt for I and A is the centimeter This expression for capacity 
may convemently be rewiitten 

Cmi = ^ microfarads (81) 


Approximate values for A are given m the accompanjnng 
table 

Dielectric Co\&ta>ts am> Disruptre Voltages 


Matenal 

1 Dielectnc constant k 

i ’ 

D electric strength, 
]u'o\olts per 
[ centimeter 

Air 

! 1 

22 

Porcelain 

; 4 5 

110 

Glass 

5 to 10 

90 

Transformer oil 

' 2 4 

SO 

Paraffin 

' I 9to2 3 

100 


The figures m the last eolumn of the table are approximate 
only, they mdicate the virtual or r m s value of the (smusoidal) 
altematmg voltage which may be expected to break down a slab 
of the material 1 cm thick placed between two large flat metal 
electrodes What is usually understood by the expression “dis- 
ruptive gradient” is obtamed by multiplying the values m the 

table by \/2 
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Returning to foimula (79,), let ekctiic flux, oi quantity of 
electiicit\ ^ be expiessed in terms of capacity and e m f , with 
a view to determining the relation between flux density and 
electric stress Formula (SO) may be wiitten 

C = (iS'A.Jy faiads (80a) 

Mheip K stands foi the numerical constant Substituting in 
equation (7S , 

^ = E(Kk)j 

whence D = Kk X 

Since j is the potential giadient, or volts drop per centimeter, 
denoted by the symbol G, 

D =KlXG (82) 

The analogous expression for the magnetic ciicuit is B = yH 
In the dielectric cncuit, electric flux density = emf per cenh-- 
meter X ""conductance” of the maierial to dielectric flux, while, m 
the magnetic circuit, magnetic flux density = mm f per centimeter 
X ""conductance” of the mateiial to magnetic flux 
Smee the electric stress or voltage gradient G is directly 
proportional (in a given material) to the flux density 2), it follows 
that, when the concentration of the flux tubes is such as to pro- 
duce a certam maximum density at any pomt, breakdown of the 
insulation will occur at this pomt Whether or not the rupture 
will extend entirely through the msulation will depend upon the 
value of the flux density (consequently the potential gradient) 
immediately beyond the hunts of the local breakdown 
Before lUustratmg the apphcation of the above principles to 
the design of msulators, it will be advisable to assemble and 
define the quantities which aie of mterest to the engineer m 
makmg practical calculations 

e = e m f or potential difference (volts) 

I = length, measured along hne of force (centimeters) 

A = area of equipotential surface perpendicular to hues of 
force (square centimeters) 
de 

= potential gradient (volts per centimeter) 
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C = capacity oi peinuttance faiad^ oi miciofScllrlfe 

.-r, , coulombs a j. s 

(^raiacls = — — = nu\ pei unit e m f ) 

K = constant = S S4 X 10”^^ farads per centimetei cul)e, 
being the specific capacity uf air . 

/u = dielectric con^stant oi lelative specific capacity oirelatue 
permittmty i = 1 for air 

^ = dielectiic flux oi electrostatic induction = CE = AD 
coulombs ) 

D == flux density = -;^ = Kl jG coulombs per square centi- 
metei ) 


Calculation oi Conden^ei Cnpacdj — Imagine two parallel 
metal plates, as m Fig GO, con- 
nected to the ODDOsite termmals of 
a contmuous current souice of 
supply" The area of each plate is 
A sq cm and the sepaiation be- 
tween plates IS Z cm , the dielectric 
or mateiial between the two sur- 
faces bemg air The edges of the 
plates should be rounded off to 60 -Simple pUte conden«.-r 

avoid concentiation of flux lines If the area .4. is large m com- 
panson vrith the distance I, a unif orm distribution of the flux may 

be assumed m the air gap, the density bemg D = 



By formula (81), the capacity is Cmt 


8 84 X .1 
10® X I 


mf , smce 


the dielectnc constant (/.) of air is 1 Assummg numeiical 
values, let A = 1,000 sq cm , and Z = 0 5 cm 


Then 


8 84 X 1,000 
low X 0 5 


= 1 77 X 10-w farads 


HE = 10,000 volts, the potential gradient will be (? = - q’ - ^ 

= 20,000 volts per centimeter There will be no disruptive 
discharge, however, because a gradient of 31,000 volts per centi- 


meter IS necessarj’’ to cause breakdown m air 
By formula (78), the total dielectric flux is ’4' = 10,000 X 1 77 
X 10“‘® = 1 77 X 10“® coulombs 
Dielectric Paths in Senes — Assume that a 0 3-cm plate of 
glass is mserted between the electrodes of the condenser shown in 
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Fig 60 The modified aiiangement is illustiated by Fig 61 
On fir^t thought it might appeal that this arrangement would 
improve the insulation but care must always be taken when 
putting layers ot insulatmg materials of different specific mduc- 
tive capacity m series as this example wiU illustiate In addition 
to the eiastance^ of a 0 3-cm layer of glass, there is the elastance 
of two layers of air, of \\ hich the total thickness is 0 2 cm 
Assuming that the value of the dielectric constant ^ for the partic- 
ular quality of glass used is 7, and 
that Gg and Ga are the potential 
giadients in the glass and air, 
respectively, then, by formula (82), 
KGa = 7KGg, whence Ga = 7Gg 
Takmg the total potential differ- 
ence between electrodes as 10,000 
volts, the same as used m consider- 
mg Fig 60, E = 10,000 = 0 2Ga + 
0 whence Gg = 5,880 volts per 
centimetei, and Ga = 41,100 volts 
per centimeter Such a high gradient as 41,100 would break 
down the la\ ers of air and would manifest itself by a bluish 
electrical discharge between the metal plates and the glass. 
On the other hand, the gradient of 5,880 volts per centimeter 
would be far below the stress necessary to rupture the glass 
It should be observed that the mtroduction of the glass 
plate has appreciably increased the capacity of the condenser 
For example, with the same voltage {E = 10,000) as before, the 
total flux is now ^ = AD = 1,000 (8 84 X 10“^^ X 41,000) = 

3 63 X 10”® coulombs This value is about double the value 
calculated with only air between the condenser plates 
Conditions Determining Flash-over — Whether or not spark- 
over will occur depends not only upon the condition of the 
surface ( clean or dirty, dry or damp), but also upon the shape and 
position of the ternunals or conductors It is, therefore, almost 
impossible to determine, other than by actual test, what will 
happen m the case of any departure from standard practice 
For a given material and surface condition (clean, dry, dirty, or 
damp), whether or not a flash-over wnll occur depends upon the 
voltage gradient or difference of potential per umt length of the 
^ In the dielectric circuit, elastance is the reciprocal of permittance (or 
capacitance) Elastance = ^ 



Fig 61 — Plate condenser viith 
c’e^*rodes separated dj air and 
g’asi 
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surface Thus, if t^vo electiodes are separated by an msulatoi 
pro^uding a leakage path over a surface of length it is impossible 
to predetermme the voltage which will cause a flash-over without 
a knowledge of the shape of the msulator surface as well as its 
nature and condition In Fig G2 a thin disc of msulatmg 
material is used to separate two metal electrodes, the length of 
the leakage path over the surface bemg I In Fig 63 the same 
electrodes are separated by a thicker block of sohd msulation, 
arranged to provide a leakage path of exactly the same length Z, 
as m Fig 62 Flash-o\er will occur at a lower voltage around 
the thm disc of Fig 62 than over the thicker insulation of Fig 03 
This is because the flux concentration due to the proximity of the 
terminals m Fig 62 begins by breakmg down the layeis of air 




Figs 62 and 63 — ^Leakage path o^er sunace of insulator 

around the edges of the electrodes at a considerably lower poten- 
tial diffeience thaji will be required for the thicker insulating 
block of Fig. 63 The effect of this incipient breakdown is, 
\'irtually, to make a conductor of the air around the edges of the 
metal electrodes and so shorten the effective creepage distance 
aroimd the edges of the plate That the phenomenon of so-called 
surface leakage may be considered as bemg mainly one of flux 
concentration or potential gradient is further illustrated by 
Figs 64, 65, and 66 These sketches all show the same separa- 
tion between the two large flat-plate electrodes The density 
of the flux m the air gap of Fig 64 (as represented graphically 
by the spacmg of the vertical flux hnes) will be proportional to 
the potential difference between the electrodes In Fig 65 the 
electrodes are shown mounted on the ends of a cylmder of some 
material of which the dielectric constant (or relative 
permittivity) is assumed to be 4 The flux density m the sohd 
insulation will, therefore, be four times as great as m the air 
outside the cylmder The dielectric field has not otherwise been 
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disturbed, and tiie potential giadient at all paits on the suiface 

E 

of the soLd .n^ulation 1 = 5 , theiefoie, j, where E is the potential 

(iinerence bet^^een the electrodes It has been found experi- 
mental] v tnat undei these conditions, a good insulator with a 
clean dry suiface is able to stand just before breakdown a 
giauient as high as 24,000 volts (1 m s value) per inch If 
wc aLow a safety factoi of 3, it follows that, with a separation of 
only 0 in , the arrangement of Fig 65 would be suitable for a 
working pressure of 40,000 volts 
Figuie 66 shows the sohd cylmdei of Fig 65 replaced by a 
cylindrical msulator pro\uded with piojectmg flanges, and an 
attempt has been made to mdicate the flux distribution by the 



Fig 04 Fig 65 Fig 60 

Fi::? 04, 65 GO — I^ustmtirg effect of shape of msulator on flu\ 

concentration 


«!pacmg of the vertical flux hnes It is evident that, although the 
distance over the surface of the msulator has been mcreased, 
the flux density — and, therefore, the voltage gradient — the air 
spaces has also considerably mcreased The air wiU, therefore, 
be stressed bey^ond the bieakdown limit with a smaller potential 
difference between the electrodes than m the case of Fig 64 or Fig 
65 The layers of sohd dielectric of high permittivity placed across 
the path of the flux Imes have reduced the effective distance 
between the electrodes and so lowered the elastance (or mcreased 
the capacity) of the air paths Although a brush discharge 
between the flanges may not always be objectionable, and may 
not lead to a complete flash-over, it is generally preferable to avoid 
the occurrence of such discharges at voltages near the normal 
working pressure of the insulator Thus, the conclusion to be 
drawn from this discussion is that it is usually desirable to shape 
the surface of an msulator to conform with the shape of the 
flux paths, because this will cause the potential gradient at the 
surface to be a mimmum 
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When It IS nece':‘-aiy to guard against wet, as in o\eiliead line 
insulators, sheds oi petticoats, either of metal oi insulating 
material are necessary but their effect i^- to ^hoiten rather than 
lengthen the eftective suiface distance that is to say, the} may 
mciease the actual length of the suiface cieepage distance, but 
they also mcrea^e the tendency for the layei-^ of an to break down 
over the portions of the suriace between the sheds, as illustrated 
by Fig 66 

73 Design of Insulators — Wall and Roof Outlets — The design 
of an msulator to comply wnth any gi\en specification, is a 
matter which concerns the manufacturer who has been compelled 
of late years, owung to the lapid mciease of woiking pre'=?sures, to 
devote his attention to the pimciples underlying the coirect and 
economical design of insulators foi high-pressuie Imes, and w'ho is, 
therefoie, somethmg of a specialist on this paiticular subject 
The transmission Ime engmeer should understand the principles 
underljung the correct design of overhead msulators, but it is 
suggested that howevei great his 
knowledge of the subject he w^ill 
be well ad'vused to leave details 
of design to the manufacturer, 
and to use standard tj’pes when 
possible 

The manner m which the fun- 
damental principles, briefly dis- 
cussed m the piecedmg article, 
may be applied to the design of 
high-voltage insulators^ is most 
easily illustrated in connection 

with concentric cvlmders of in- Fig 07— Section through insulating 

bushing 

sulatmg materials such as enter 

mto the construction of roof and wall bushmgs It is for this 
reason that such bushmgs will be considered before descnbmg 
the more important pm-t}i>e and suspension-t}"pe Ime msulators 

Figure 67 IS a section through a conductor of radius r separated 
by msulatmg material of specific mductive capacity k from a 
concentric metal cylmder of radius R 

1 Questions relating to insulation with special reference to design problems 
are treated in more detail in the writer s “’Elements of Electrical Design, 
McGra'W'-Hill Book Company, Inc , but some of the material in this and 
succeedmg articles (including a few illustrations') has been taken from 
* Elements of Electrical Design ’’ 
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The equipotentidi j?ui faces will be cylinders, and the flux 
densit;> o^er the surtace of any e^^linder of radius x and of unit 

length «a\ 1 cm will be Z) = 

By formula ' S2 the potential gradient is 


D ^ ^ 

KL 2TxKk 


(83) 


In order to expiess this i elation m terms of the total voltage 
E It 1 ^ necessar}’ to substitute foi the symbol ^ its equivalent 
E > C and calculate the capacit 3 ' C of the condenser formed by 
the rod and the concent iic tube Considermg a number of con- 
centric shells in senes, the elastance may be wntten as follows 


^ - r 1 R 


>ubbtitutmg m 'S3 , 


G = 



volts per centimeter 


(84) 


(85) 


the maximum value of which is at the surface of the inner con- 
ductor where 


Gn 


E 

rloge- 


( 86 ) 


This formula is of some value in determinmg the thickness of 
msulation necessaiy- to avoid overstressmg the dielectnc, but it 
IS not strictlj’ apphcable to wall bushmgs m which the outer 
metal surface is short as compared with the diameter of the 
openmg The advantage of ha'vung a fairly large value for r is 
mdicated by formula (86), and a good arrangement is to use a 
hollow tube for the high-tension termmal 

bohd porcelam bushings with either smooth or corrugated 
surfaces may be used for anj’* pressure up to about 40,000 volts 
In designmg plam porcelam bushings it is important to see that 
the potential gradient m the air space between the metal rod and 
the insulator is not likely' to cause brush discharge, as this would 
lead to chemical action,^ and a green deposit of copper mtrate 
upon the rod 

Example 19 Deeign oj Porcelatn Wall Bushing — It is desired 
to design a porcelain insulatmg bushing to take a ^^-in* copper 
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rod thiough an inside partition wall The working pre««^uie ib 
33,000 \olts alteinating 

In Older to avoid the foimation of corona or luminous discharge 
^ in the ail space between the coppei lod and m'-ide surface of 
insulating tube, it is necc’^sart’ to calculate the voltage gradient 
at the surface of the lod wheie the *-tie«s wull be a maumum 
The voltage giadient which will cause corona oi brush discharge 
at the surface of a lod of radius / cm , according to Mr Peek,^ 

IS 31 ^ 1 + This, m the case of a rod of radius 

% m or 0 95 cm , amounts to a breakdown pressure (rms 
value) of 28 6 kv per centimeter but, since it is pioposed to use 
the formulas developed for long concentric cylmders, w’hich are 
not qmte correct for concentric bushmgs with shoit outer metaUic 
cylmders, it will be safer to reduce this figure by about 10 per 
cent, and use 25 7 kv as the maximum giadient {rms value; 
allowable at the surface of the conductor 
This is a case of two capacities in senes, the first between the 
high-tension rod and the umei surface of the poicelam, with air 
as the dielectric, and the second between the mner and outer 
cyhndrical surfaces of the porcelam The dielectnc flux being 
the same m both, and since = EC, it follows that the potential 
difference across each condenser wiU be mversely proportional 
to the capacity, or directly proportional to the elastance as given 
by formula (84) 

Let Ea and Ep stand for the pressure drop (kilovolts) across the 
air gap and porcelam sleeve, respectively, the total e m f. bemg 

E ^Ea + Ep=^Z3kY (a) 

Let Ca and Cp stand for the electrostatic capacities of the air 
space and porcelam sleeve, respectively 

Then Ea X Ca = Ep X Cp 

and E, = (&) 

Let r = radius of conductor = 0 95 cm 
Ri = mside radius of porcelam bushmg 
/?2 = outside radius of porcelam bushmg (in contact with 
grounded metal cyhnder). 

1 Peek, F W , Jr , “Dxelectnc Phenomena,” McGraw-Hill Book Com- 
pany, Inc 
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2(Ui 


I = the fliplpctnc constant ioi the poieelam = 45 (foi the 
aa sap. /. = 1 

G = n.a\imum voltage giadient (i ms value) at surface of 
rod = 25 7 

Then bvnumula 56). 

Ea = G., log. (-^) (c) 


Inserting in h the capacities in teims of dimensions and permit- 
as given by formula (S4J, and making the necessary sub- 
stitutions and simplifications, the following expiession is obtained, 


Gaf 




(d) 


m which the only unknown quantities are Ri and R 2 
Assume one or more leasonable values for the radius of the 
hole ^ i?i ) m the msulating tube and then solve for R 2 The case 


Iron suppotfmg 
PJafe and Chmp 
ir^ 



4 Copper Pod 


Fig os — High-^oltige porreUm bushing — Example 19 


of condensers m series was discussed m connection with Fig 61, 
and it is certam that a very small air clearance around the rod 
will lead to a high voltage gradient and piobably brush discharge 
On the other hand, a very laige air gap will cause the overall 
diameter of the bushmg to be greater than is necessary Assume 
a hole 21 2 m m diameter through the porcelain tube (JKi = 3 18 
cm ) and solve for Rt m the equation {d) The answer is 722 = 6 
cm , approximately, which makes the outside diameter of the 
porcelain tube about 4^4 in The pressure drop across the air 
gap, as given by (c), is = 28 kv , leaving only 33 — 28 = 5 kv 
pressure drop m the porcelain bushmg 
It will be found that a veiy small reduction in the size of hole 
through the porcelain sleeve will lead to an increase m the overall 
diameter, while a larger hole, 7 cm m diameter, would result m 
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a stnnllej o\eiall diametei out tlio calculated tliickne^b of the 
poicelam would then be too «iniall loi a piactieal de-ign 

The length of the poicelam in^ulatoi detei mined by allowma 
a leakage di^itance ovei the auitace oi the poicelam of appio\i- 
inately ^ 2 ^kv 1 . in Coiiiigationb aie not necc'^saiy, and a 

smooth surface will be «:atisfactoi\ , the piojection at each end 
be^^ond the giounded metal suppoitm^c plate and clamp should, 
therefoie, be about 0 5 3d -r li = IT m A ‘section through 
the completed bushing is shown in Fig GS A roof bushing 
supphed by the Locke Insulatoi Corpoiation 
for the same workmg pressure of 33,00U volts 
IS shown m Fig 69 The drj^' hash-ovei 
voltage of this bushing is 104 000 and the 
wet flash-over is 80,000 
Oil-filled Bushings — The ad\antage of le- 
placmg the air space between the copper lod 
and the porcelam tube by some insulating 
compound ha^nng a dielectiic constant \k) 
greater than maty may be illustiated by 
supposmg the space surroundmg the metal 
rod to be filled with an msulatmg oil oi 
compound of the same permittmty as por- 
celam The normal workmg pressuie is to 
be 33,000 volts as before, and it can be 
assumed that the insulator must withstand a 
test of 80,000 volts alteinatmg without 
breakdown, allowmg a safety factor of 1 25 
The breakdown gradient for the oit or com- 
pound will be about 100 kv. per centi- 
meter (r m s value) 

Smce I IS assumed to have the same numerical value (4 5) for 
both msulatmg materials (compound and porcelam), formula 
(86) may be used, but this refeis to long concentric cylmders, 
and smce the potential gradient in bushmgs wnth short outer 
met alli c sleeve may be 10 per cent gi eater than as calculated by 
this formula, it is necessary to introduce the factor 0 9 and wnte 



Fig 69 — Roof bush- 
ing for use on 33,000- 
'volt circuit 


0 9 X 100 = 


SO X 1 25 
OQoXlog.^ 


whence i ?2 = 3 06 cm , and the external diametei of the porcelam 
bushing need not exceed 2} 2 m , which is appreciably smaller 
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than the design ^ith an clearance between the coppei rod and 
the porcelain It ^mU be lemembeied that the reason for the 
larger diametei of bushing in the first design was to avoid brush 
discharge oi corona foimation at the suiface of the conductor 

Figure 70 shows an oil-filled poice- 
lain loof bushing made by the Ohio 
Biass Company foi a working 
piessure of 135,000 volts An oil 
leseivoir is provided at the top to 
allow for expansion The weight 
of this msulator without oil or com- 
pound fiUmg is 630 lb A bushmg 
of this type for use on a 220,000- 
volt circuit would have an overall 
length of 11 ft or more 

One method of bringmg the high- 
tension conductoi through the wall 
of a buildmg is illustrated by Fig 
71, which shows the overhead wire 
anchored to the wall by a strmg of 
suspension msulators, and passing 
through a standard poicelam wall 
bushmg as manufactured by the 
Ohio Brass Company 
When the chmate and weather 
conditions are favorable, it is well 
to avoid bushmgs entirely In such 
cases, the wires cannot be brought 
down through the loof of the buildmg, but they must enter at 
the side a smtable piotectmg hood or lOof bemg placed above 
the wires on the outside of the buildmg 
The smallest dimension of the opemng m bnck, stone, or 
concrete wall should preferably not be less than as given below 



Fig 70 — Oil-field porcelain roof 
bushing for 135,000 \ olts 


Line pressure, \olts 

Width of wall opening, feet 

22 000 


33 000 

2 

44,000 


66,000 


88,000 

m 

110,000 

6 

132,000 

7 

220,000 

11 
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On each side of the ^all opening the conductor is earned hv 
hne insulators, or the pm oi suspention type, as the voltage mav 
require, these being so arranged as to mamtam the conductoi m 
the center of the openmg, with a slight downward mcline towaid 
the outside of the buildmg to prevent raindrops bemg earned 
to the mside 



74 Pm-t3rpe Line Insulators. — The la'ws of the dielectnc 
circuit were explamed m Art 72, and under the headmgs Dietec- 
tnc Paths tn Series and Conditions Detei mining Flash-over^ 
some fundamental prmciples of particular importance m connec- 
tion with msulator design were discussed 

As previously mentioned, the sheds or petticoats, with inter- 
venmg air spaces which separate the wire at hne potential from 
the pole or cross-arm which is usually at ground potential, may 
be thought of as a number of condensers m senes If Ic is the 
chargmg current, and E is the potential difference causmg this 
flow of current through a condenser of capacity C, 

Ic = 2wfEC^ 


and when the frequency is constant, E 



Thus, when a 


number of condensers are connected m senes, the current h 
IS the same through all the condensers, and the potential differ- 
ence across any one condenser is inversely proportional to its 
capacity, whence the importance of care m design to avoid too 
great a stress where the thickness of air or porcelain, measured 


^ See footnote on p 219 
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to th6 dii6ction ot the flux lines, is not sufficient to 
prevent high flux densities and disiuptive gradients with a com- 
paiativeh '^niali potential difieience acioss the insulator as a 
nole 

Eiruojf ni In-idatoi Design — In oidei to show how the funda- 
mental pimciples of the dielectric ciicuit may be apphed to the 
de-ign ot line in'^ulatois, considei the line conductor and the tie 
wiie t<» he replaced bv a laige, flat metallic plate, which has to be 
in-ulated tiom a metal spheie lepresentmg the grounded support 
the insulator This is shown m Fig 72 The flux fines m the 
plane of the drawing aie arcs of ciicles which enter the sphere 
normally to the surface and of which the centers aU he on the 



line *15 m the plane of the flat plate electrode The equipoten- 
tial surfaces are normal to the flux fines, being spherical surfaces 
with their centers on the x^eitical axis CD The ram sheds shown 
in the figure have purposely been shaped to follow equipotential 
surfaces The body of the porcelain has been shaped so that 
the surface follows the path of the flux Imes, for reasons explamed 
m Art 7 2 when dealmg with surface leakage By making the ram 
sheds comcide with eqmpotential surfaces, the flux distribution is 
not altered By shaping these differently and placmg them close 
or far apart, it is possible to vary the capacity of the condensers 
formed by the layers of air between the sheds and between the 
inner shed and the metal sphere This enables the designer to 
modify the potential gradient m one or more of the air spaces 
between the sheds it also enables him to control to some extent 
the ratio bet^^een drj^ and wet flash-over The greatest voltage 
gradient m the porcelain between the electrodes occurs at the 
surface of the metal sphere on the line CJ5, where the distance 
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from plate to sphere is shoi test The thickness at this point must 
be sufficient to msure that flash-over will occur befoie the poice- 
1am IS stressed to the breakdown limit. 

This hypothetical design of a pm-tj^pe line msulatoi illustrates 
the manner m which modern insulators may be studied mtelh- 
gently m relation to the known lavs of the dielectiic ciicuit 
The exact voltage that such a design would withstand vuthout 
flash-over undr^r wet and drj" conditions, lespectively, must be 
deternuned e.*perimentally The design of piactical Lne insula- 
tors IS based laigely on knowledge gamed through failures of 
more or less imperfect eaiher designs 
With the pm type of msulatoi, a number of sheds or petticoats 
hangmg close to the pm, with small air spaces between them, 
will not be effectual, because, although the leakage path may be 
long, the capacity is high The remedy consists m spreading the 
petticoats awa}’' from the pm, the outer shed m some designs 
bemg almost horizontal This outer shed has, m some cases, 
been replaced by a metal shield Apart from the advantage of 
hghtness, which permits of a thm metal shed bemg made of 
larger diameter than would be peimissible if the material were 
porcelam, the chaigmg current will spread itself more uniformly 
over the suiface of the outer shed, and so prevent the concentra- 
tion of potential at the pomt where the conductor is tied to the 
msulatoi An msulator of this type may flash ovei at a some- 
what lower pressure than if the upper hood were of porcelain, 
but under wet conditions the flash-over pressure may be higher 
The msulator shown m Fig 73 is not a modem design The 
inside shell is too close to the pm and will not take its proper 
shaie of the stress when flash-over occurs Moreover, the air 
gaps between the sheds just below the cemented jomts are too 
short and the voltage giadient will reach the breakdown hmit of 
the air at these pomts when the total voltage on the msulator is 
comparatively low In modern designs of pm-type msulator, 
as, for mstance, the Faradoid tj’pe as manufactured by the 
Westmghouse Electric and Manufacturmg Company (see Fig 
74), the tendency is to mcrease the thickness of porcelam around 
the end of the grounded supportmg pin, to shape the outside of 
the porcelam (neglectmg the sheds) so as to follow as nearly as 
possible the direction of the flux lines, to make the sheds as thm as 
possible and shape them so as to follow approximately the equi- 
potential surfaces, and to aim at about the same capacity between 
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the several 'beds These developments aie in accordance with 
theoretical conclusions based on a knowledge of the fundamental 
Ians of the dielectric ciicuit as given m the earher portions of 
thi« chapter 



Fig 73 — Pm-tjpe insulator 


Fig 74 — Three-part line insulator of the 
“Faradoid’" type 


Pm-tjTpe insulators are available for pressures up to 70,000 
volts/ but the suspension t 3 ^e, made up of two of more units, 


/ 


Pin-type insulators 

Will generally be more satisfactory and economical for pressures 
above 50,000 volts The pm t 3 ^e of msulator becomes too heavy 

^ Pin-type insulators of modem design have been m successful operation 
m Canada on the 90,000-volt Imes of the Toronto Power Company smce 
October, 1918 For an mterestmg account by Paul Ackerman, of expen- 
ence \vith these insulators, see Elec W&rld, vol 80, p 1439, Dec 30, 1922 
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and costly when designed for the higher voltages, and, owing to 
the great length of the supporting pm, the bendmg moment near 
the pomt of attachment to the cross-arm tends to become exces- 
sive With conductors of large cross-section, the suspension 
type of insulator is preferable, even for comparatively low trans- 
mission pressures 

Wooden supportmg pins are not recommended for high-tension 
work, they are rarely used on hnes working at pressures above 
33,000 volts Metal pms are gen- 
erally prefeiable Trouble due to 
punctuie of the porcelam between 
the (grounded) pm and the conduc- 
tor or tie wire has practically been 
ehmmated m the modem designs, 
which have a greater thickness of por- 
celain at this pomt 

Figures 75 and 76 illustrate tj^pical 
pm-tj’pe msulators made by R 
Thomas and Sons of East Liverpool, 

Ohio Figure 77 is one of the high- 
voltage designs of the Locke Insulator 
Corporation of Baltimore, Md The leadmg particulars of these 
insulators, as furnished by the makers, are as follows 



Fig 77 — Pm-type insulator fc>r 
60,000 \olts 


Normal ratmg (Ime pressure), volts 
Dry arc-over, volts 
Wet arc-over, volts 
Leakage distance, mches 
Net -w-eight, each, pounds 


Fig 75 

1 Fig 7t> 

Fig 77 

27 000 1 

50 000 

60,000 

89,000 j 

155,000 1 

175,000 

54 000 

102,000 , 

, 120,000 

12 0 1 

28 0 

30 0 

6 0 i 

22 3 

' 25 0 


I 


The sphere gap is used m the measurement of the arc-over 
voltages. 

76. Suspension-type Insulators. — ^With the suspemion type 
of insulator, the conductor is hung below the point of support 
(which IS usually grounded) at the end of a string of insulator 
umts connected to one another by metal links. The potential 
difference which will cause a flash-over or breakdown on such 
a senes of msulators will not be m direct proportion to the number 




214 


ELE^ TRIC POWER TRA^JSMISSION 


of insulatois m the string This is due to the unequal distribu- 
tion ot the potential difteiences, which is again a question of 
lelative capacities The design of the individual units may 
appear to be good, and \"et a stimg of such msulatois, if these are 
not specially designed to fulfil certain requirements, may give 
suiprismgh unsatisfactoiy’' lesults A factor of importance is the 

latio which deteimines the potential distii- 

capacit}" to giound 

bution and this latio will depend not only on the shape and size 
of the porcelain units, but also on the metal caps or means of 
attachment and the spacing between units 
A modem design of suspension-type msulator is shown m Fig 
7S This IS one of the t\p>es made by the Locke Insulator 



Fig 7S — Fiut of suspension-tvpe Fig 79 — Suspension type 

insulator insulator 


Corporation It weighs 10^ lb , is fitted with the ball and 
socket form of attachment, and has a guaranteed mechamcal 
strength of 9,000 lb The electncal performance of these insula- 
tors is not guaranteed by the manufactureis because the test 
pressures (wet and dry) will depend upon the conditions under 
which the msulator is used, mcludmg the number of umts m a 
string, whether or not guard rmgs are used or metal shields to 
equalize the potential distiibution, and similar considerations 
A type of suspension msulator made by E, Thomas and 
Sons is illustrated m Fig 79 The weight of the smgle umt is 
12 Ib , the dry flash-over is 84,000 volts, and the wet flash-over, 
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48,000 volts The fia^h-over voltages for stnngs of the‘=ie int-u- 
latois, as given by the manufactuiei*^, aie as follo’^s 



Dry 

1 iIo\ olts 

Wft 

String of 3 units 

I 

194 

llS 

String of 5 units 

290 

18S 

String of 7 units 

3S0 

260 







A stung of Hewlett insulatoi units, as manufactured by the 
Locke Insulatoi Corpoiation is sho'v^n m Fig SO The assembled 
msulator is suitable foi use on a 132 OOO-volt hne and includes 

arcing horns at top and gradmg shield 
at hne potential The manner in 
which this gradmg shield tends to 
equahze the diop of potential across 
the mdi\ndual umts m the string will 
be explamed in the following article 
The hnk tj^pe of umt was ongmated 
by E W Hewlett mainly with the 
object of ha\ung the poicelam in com- 
pression instead of in tension as in the 
cap-and-lmk type of suspension umt 
Another advantage claimed for it is 
that it will stand without damage 










Fig so — Hewlett tjpe sus- 
pension msulator with arcing 
horns and grading shield 


Fig si — J efferj -Dewitt suspension 
insulator umt 


sudden changes of temperature It may be immersed in boiling 
water and transferred to ice water and back agam a number of 
times without injury 

Figure 81 shows a section through a smgle unit of the suspen- 
sion msulator manufactured by the Jeffery-Dewitt Insulator 
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Company of Keno\a, W The special features of this design 
are 1 thick poicelam, to resist puncture and the shattering 
effects of power arcs, and also breakage during transit and mah- 
cious breakage by shots or stones, (2) a pressed-steel spider 
anchored m small coriugated holes by a resihent alloy which is 
unaffected by changes of moisture It is claimed for this insu- 
lator that it will stand great changes of temperature much better 
than the cap-and-pin type of unit in which failure has freqently 
occuired through ciacks in the porcelain caused by unequal 
expansion of the porcelam, cement, and metal clamps The test 
by repeated tiansfer from boilmg to ice-cold water, referred to in 
connection with the Hewlett msulator, can be made on the 
Jeff ery’-De Witt umt without mjury to the poicelam 



Fig S2 — Xew design of suspension insulator unit 

A new design of suspension msulator has recently been devel- 
oped by Prof Harold B Smith ^ The use of porcelam is avoided, 
and two metalhc terminal members, shaped to provide the 
required flux distribution, are jomed by a single msulatmg 
mechamcal stram member of treated wood or other smtable 
matenal The dimensions of a single umt smtable for a working 
pressure of 110,000 volts are given m Fig 82 This design is of 
particular interest because it is based upon a thorough under- 
standmg of the fundamental pnnciples which determme flux dis- 
tnbution m the dielectric circmt, whereas the porcelam msulator 
was, until recent years, expenmentally developed without much 
attention bemg paid to the theory underlying the distnbution of 
the dielectric field withm and around the msulator At the 
1 Tramactiom A I E E , 1924, Vol 43, p 1263, 
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present time this theoiy is well undei stood, but, ne\ erthele^s, 
porcelain is not an ideal material for the insulation of o\eihea(l 
hnes, and every seiious attempt to avoid its use should be care- 
fully mvestigated By the proper shapmg of the metallic 
terminal members, Professor Smith has been able to place the 
single msulatmg member m what he calls a hollow electiic field, 
that IS to say, a field surrounded sjmimetncally along its axis by 
a stronger field of higher average and maximum potential 
giadient Any arc due to overvoltage will, therefore, strike 
bet\\een the lower metal ring and the edge of the upper metal 
hood, thus avoiding the insulating strain membei at the center 
of the hollow field 

76 Potential Distnbution over Stung of Suspension-t 3 rpe 
Insulators — A strmg of suspension-type insulatoi units may be 
thought of as a succession of metal parts sepaiated by insulating 
material The distribution of the potential drop between succes- 
sive metal connectmg pieces will depend upon the electrostatic 
capacities of the condenseis foimed by these metal parts and < 1 1 
the neighboring metal parts m the cham of insulators, »2i the 
earth or grounded supporting stiuctuie, ^3) the high-tension 
conductor Assummg foi the moment that the capacities i2‘ 
and (3) are negligible, it is necessary" merely to consider the 
simple case of a number of condensers m senes between the high- 
voltage Ime and the (grounded; pomt of support m which case 
the potential difference across each umt m the chain would be 
mversely proportional to the capacity of the individual unit If, 
therefore, all the umts m the cham were of the same size and tj-pe, 
there would be a uniform drop of potential along the string, 
provided the capacities to giound and to the high-tension conduc- 
tor weie negligible It is only m rare instances that it is permis- 
sible to neglect the effect of these capacity cunents which are in 
parallel with the mam condenser current passmg thiough the 
series of msulator umts, but m older to simphfy the problem, con- 
sider, in the first instance, only two capacities, namely, (1) 
that of the insulator umt itseff (dielectric usually porcelain) and 
(2) that formed by the connectmg metal work and ground 
(dielectnc air). 

Example 20. Potential Distribution over Four-unit String of 
Suspension Insulators — The metal work (cap and Imk or bolt) on 
each side of the porcelain disc constitutes one terminal of a con- 
denser which has a capacity C farads relatively to ground or 
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giounded toiler, and a capacitj" inC relatively to the metal work 
cap and link oi bolt) on eithei side of the porcelain disc This is 
'hown diagrammaticallt’ in Fig 83 wheie a, b, and c are imagmary 
condensers each of capacity C faiads, between the ground and 
the insulating metal caps, etc , while the condensers of capacity 
7 nC larads, formed by each mdividual umt, aie numbered (1), 
,,2’, and (4; The effects of suiface leakage and corona will 



Fig b3 — Diagrammatic representation of 4-unit suspension type insulator 

be neglected. The former would tend to equalize the potential 
drop across the insulator umts, while the latter — ^in addition to 
causing actual leakage losses through the air — might alter the 
capacity of the umfcs subjected to the higher pressures No 
error of appreciable magmtude is likely to be made by neglectmg 
these items 

Assummg the voltage across the umt nearest to the grounded 

cross-arm to be = 10,000 volts, and the ratio capacity 

capacity to ground 

to be m = 10, wnte 


Ey ~ 10,000 volts 
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The capacity current* for conden'^er ( 1 , i« 

I. = iTfEiOnC) = o X 10 000 X 10 X (7 
Surularlj' la = l^fEiC = o X 10,000 X C 
whence 

I 2 = (/i + 1=1 = o=Ei(m -L 1)C = uX 10 000 X 11 X C 
and 


Ea 



= X ^ = 11,000 volts 


whence 


h = ojfjFi + E.jC 


I 3 = (I 2 “h lo) = w[£'it m 2f + E 2 ]C = oj X 131 000 X C 
and 

B. . - 10,000 X - 13,100 volt, 

Ic = o:(Ei + E2 + E,)C 

whence 


74 = dz + Ic) = oy[Ei( 77 i -J- 3) + 2E2 -f- £' 3 ]^ = o) X 105,000 X C 
and 



= 10,000 X 


165,100 

100,000 


16,510 volts 


1 Assuming a sme-wa've of impiessed emf, it is easv to calculate the 
charging cuiient of a condensei of kno\\n capacity The fundamental 
law of the dielectric circuit is 

^ = £ina^ X C (7S> 


where ^ is the maximum value of the dielectric flux, expressed in coulombs ^ 
E'max IS the maximum value of the alteinatmg \ oltage, and C is the capacity 
(or ^permittance) of the condenser, expressed m farads 
The charge, or quantity, of electricity, i e , the dielectnc flux, wall roach 
its maximum value ^ at the instant when the chargmg current is changing 
its direction, that is to say, when the current is zero, and, smce quantity of 
electricity = cwrent X timej write ^ = average -value of chargmg current 
(m amperes) durmg one-quarter period X time (m seconds) of one-quarter 
period 



-where Ic stands for the -vurtual or r m s -value of the chargmg current, on 
the sme-wa\e assumption Let E stand for the virtual value of the voltage 
across the condenser of capacity C farads, then Exdm = v and formula 
(78) becomes 


2\2Ic 


\'2E X C 


whence 


- 2irSE€ 


which IS the well-known formula for calculatmg capacity current when 
smusoidal wave shapes are assumed. 
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The total potential diffeience across the string of four insulators 
I'j, therefore not 4£'^ = 40 000, but + £^2 + -Ba + iP4 = 

50,010 volt^ 

The acioss the insulator (Xo 4) nearest to the high- 

ten^ion conductor is £4 = 16 510 Assume that it will flash over 
vith twice this pressuie, or 2 E 4 = 33,020 volts, then the pressure 
which will start a flash-o\er across the strmg of four msulators 
is 2 Ej or 101,220 volts, which is less than four times 2£4, or 132,080 
\olts 

The fact that the ratio (?n) of the mutual capacity to the capac- 
ity between the suspension link and ground is an important 
factor m determinmg the distiibution of potential over the msula- 
tor stimg suggests the importance, not only of the shape and 
surface area of the metal fixtures on the mdividual insulators, 
but also the length of the connectmg hnk, or spacing between 
insulators 

TThen the mutual capacity is small compared with the ground 
eapacitt", there soon comes a point beyond which it is useless to 
put more insulators m the strmg. Short strmgs, of well-designed 
and properlj" spaced units, will often be more effective and less 
costly than a longer series of msulators of which the single umts 
may ha^^e excellent msulatmg properties, but may not have 
been specially designed for the particular reqmrements It is 
sometimes possible to mcrease the arc-over voltage of a string of 
msulators by reducing the distance between consecutive umts, 
a fact that it is difficult to understand unless the importance of 
the proper capacity distnbution has been reahzed 

Example 21. Effect of Varying Ratio between Series and Parallel 
Capacities , — In the precedmg numerical example, the ratio m = 

taken as 10 It will be of mterest to plot 
capacity to ground ^ 

a set of curves showmg how the potential distribution is affected 

by changes m this ratio Assume for this ratio the values 

m ^ 1, m = 10, and m = 100, and plot curves for a string of five 

umts, showmg the percentage potential drop measured from the 

(grounded; pomt of suspension 

Folio wmg the method used m calculatmg the numencal values 
of the potential drop across successive umts m Example 20, 
it is possible to express these potential differences m terms of the 
voltage El across insulator No 1 (at the grounded end of the 
strmg) and ratio m between the senes and shunt capacities as 
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bhoT\n chagrammatically in Fig S3 Ihc calculated laluet aie 
as follow b 



= 

fl 

^ 1' 

) 




V 


/ 


Ez 

= E 1 

fl 



A) 




in 


711 -/ 

Ei 

= 

fl 


-L 





771 


771 - 

E, 

= -^-1 

^1 

, 10 
n 

+ 

15 




771 

771 - 


Substituting for 7n the assumed values wz = 1, 7n = 10, 
m = 100, and also 77i = infimty, values as tabulated below are 
obtained for a total potential difference oi E = 100 across the 
string of 5 umts 



El 

• f?2 



E. 

B 

w — 1 ^ 

1 S2 

3 63 

9 10 

23 65 

61 S 

100 

m = 10 i 

13 So 

15 25 ' 

18 1 

22 9 

29 9 ^ 


m = 100 

19 2 1 

1 19 4 < 

19 S 

20 4 

21 2 , 

, 100 

= 05 

20 

20 ! 

20 

20 

20 j 

1 

100 


These calculated values have been used for plotting the cuiw^es 
of Fig 84 which show veiy clearly how the capacity between the 
metal connectmg links and ground is the cause of unequal dis- 
tribution of the potential diop along the string of insulator umts 
The assumption of = 10 yields results approximating to those 
obtamed m practice with umts of the type shown m Figs 78 and 
79, but the curx^es of Fig. 84 do not quite correctly represent 
practical conditions smce the calculations take no account of 
capacity between the metal work of the msulators and the high- 
tension conductor. Owing to the smaller capacity of the Hewlett 
type of msulator and the relatively greater capacity between the 
connectmg metal work and ground, the inequality of the pressures 
across individual umts of a strmg as illustrated m Fig 80, but 
without the static shield below the bottom unit, would be more 
marked than m the case of the cap-and-pm type of umt. 

Since a uniform pressure drop is desirable, and this condition 
could be obtained with a senes of similar umts, provided the 
shunted capacities (a), (6), (c) of Fig. 83 could be ehminated, it is 
ob\uous that if the metal connectmg-pieces were to be replaced by 
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connectors of some insulating mateiial ha'vnng sufficient mechani- 
cal stiength a uniform distiibution of voltage along the stnng 
would result This construction is advocated by L Perrin and 
E Piernet' who have pioduced suspension insulators having a 
■itrengtn of about 0,000 lb with non-metalhc connecting pieces 
between the poicelain elements 



Fig 84 — Curves illustrating Example 21 


Giading by Determining the Capacity of Each Unit According to 
Its Position in the Stnng — The diagram Fig 85 represents a 
stnng of suspension insulator umts m which the capacities (a), 
(5), (c), etc between the connectmg metal work and ground are 
^Bei^ Gen d' Elec, gp 71&-720, May 13, 1922 
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all supposed to have the same value C The capacity of uuit 
Xo 1 (at the grounded end of the string; is mC\ and it is proposed 
to deternime the capacities of the other units in the string w hich 
will cause the potential across each unit to be the «ame The 
effect of the capacities bet^veen the connecting links and the 
high-tension line will be neglected 



Fig 85 — Diagram oi suspension tjpe msulitor -with equal potentiil drop 

across units 

Let e stand for the voltage across each unit, then the condition 
to be satisfied is that Ei — E^— — En - e 

The capacity current through the condenser formed by unit 
No 1 IS 

Ji = cjemC 

The currents through the condensers (a), (&), (c), etc are 
la = (^eC 
h = «(2e)C 
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and so on, the increase of cuiient being simply pioportional to the 
distance of the umt from the grounded end of the strmg 
The curients through the successive umts must be 

I2 = la 

== -r -fa + = -fi + (1 + 2)Ja 

7 , = 7^ - 4 . 7, + 75 + /c = 7i + (1 + 2 + 3)7a 

and so on, which leads to the geneial expression 

/n = /i + [1 + 2 + 3 + +(n- l)]Ia 

= uemC + o:e[l + 2 + 3+ + (n - 1)]C 

The reqmred capacity of the 71 *^ umt is obtained by dividing 
the current by 27r/ times the voltage across the condenser, or by 
cje, whence 

Capacity of umt = mC + [1+2 + 3+ +(n — 1)]C 

As an example, li rn = 10, the capacities of the several umt 
insulators to produce umform potential drop over the whole 
length of the strmg ’would have to be as follows 


First umt IOC 

Second unit llC 

Third umt 13C 

Fourth unit 16C 

Fifth umt 20 c 

Tenth umt 55C 


Thus for this particular value of the ratio m, and assuming the 
capacity currents between high-tension line and connecting links 
to be negligible, it is seen that the capacity of umt 5 should be 
twice that of umt 1, and if the stnng consists of 10 umts, the 
capacity of the umt nearest to the high-tension conductor should 
be five and a half times that of umt 1 
The objection to this method of grading suspension insulators 
is that a number of different kmds or sizes of umt must be earned 
in stock, and mistakes are hkely to be made when umts have to 
be replaced Without altermg the thickness of the porcelam 
dielectric between the metal attachments, the capacity of the 
umt is easily changed by varying the area of the metal surfaces 
in contact with one or both sides of the porcelam disc but fairly 
satisfactory results may be obtained by using two or three differ- 
ent types of suspension umt m the same strmg F Buske^ has 
obtamed good results by buildmg up strmgs of 10 umts with 
three cap-and-pm-type (large capacity) umts near the Ime end of 
^ Electroteih Zeit , May 12, 1921 
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the string, the remamdei being Hevsiett-type i small capacity 
umts 

Giading by Means of StaPc Shields — In the piecedmg discu*-- 
sions, the effect of the high-voltage hne conductor upon the 
potential distiibution m a line of suspension units has been 



Fig S6 —Illustrating effect of static shield on string of suspension tjpe insulator 

umts 

neglected Ordinarily this effect is much smallei than that 
caused by the proximity of the grounded tower and the very 
large surface of the ground itself, but if attachments known as 
static rmgs or shields are provided, the effect of the high-tension 
conductor upon units other than the one to which it is connected 
may be mcreased to any desired extent The diagram Fig 86 
shows that the static shield will have an appreciable effect upon 
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the di^tiibutiun of the capacity currents and, theiefore, upon 
the potential gradient Assuming that all the units in the stnng 
are of the tame type and size and that not only the capacities (1), 
{2 , 3 , etc aie equal, but also that the capacities (a), (b), (c), 
etc to eiound are equal, deteimine the necessary capacities (A), 
\B , C etc of Fig S6 which will produce uniform potential drop 
ote^ a strins: of a units 

The currents through the units aie 

Jo = /i + Fa ~ 

Fs = F 2 + 16 — 1 b 

and so on but in order to satisf 3 " the condition Ei = E 2 = 

= FT, = c, there must be the saine cw/ent through all the umts 
^ which are assumed to have the same capacity), whence 

I, =Ia 

Ib = h etc 

or if C stands for an}^ one of the (equal) capacities (a), (6), (c), 
etc , 

coin — l)eCj, = ueC 
o}(n — 2)eCs = oi(2e)C 

and so on, which leads to the general expiession 
Cv, = {n ~ 1)C 

where Cm stands for the capacitj^ between the static shield and the 
metal work connectmg the msulator with the unit immedi- 
ately" above it The proper shape of shield has to be developed 
experimentally, but by this method, or a combmation of the 
several methods of gradmg which have been referred to, it is 
possible to control the potential distribution over a stnng of 
insulators of any practical length A shield of eUiptical shape, 
of which a side view is shown m Fig 80, has been found to give 
very satisfactory results in practice There should be no •diffi- 
culty m transmittmg at pressures appreciably m excess of 220,000 
volts with properly graded strmgs of suspension-type msulators, 
even if there should be no radical change in the design of the 
insulator units 

Figure 87^ shows the combmation of different types and sizes 
of msulator unit, together with gradmg shield over the lower unit, 
as used on the 220,000-volt Pitt River Ime of the Pacific Gas and 
Electric Company 

1 Reproduced by permission from the Elec World, Jan 27, 1923 
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The proper sizes, tj'pes, and ariangement of m-^ulatoi units and 
static shields in a suspension msulatoi foi high-voltage tranw^^mi— 
Sion, as illustrated in Fig S7, must nece-<anly invoh e a good deal 
of experimentation because the various capacities to be considered 
in the calculations are not known e\actly, and they depend, 
moieover. upon the position and method of attachment of the 
insulator relative to the supporting structure This does not 
mean that the proper understanding of the prmciples determining 



Fig S7 — Suspension type insulator with units of diffeient sizes 


the voltage distnbution over a string of insulator umts is unneces- 
sary, because, although a suitable msulator might, with good 
luck, result from extended and costly tnals ^^ith various combina- 
tions of parts, the problems of high-voltage line insulation cannot 
be solved eflSciently except through the thorough understandmg 
and mteUigent apphcation of the pnnciples vhich ha\e been 
referred to and bnefly discussed m this article 
77. Manufacture of Porcelain Insulators. Mechanical 
Strength. Porosity. — Smce an appreciable amount of space has 
been devoted in precedmg articles to the discussion of the proper 
shapes of porcelain insulators and the relative positions of the 
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se\eial unit^ entering into the design of multiple-part insulators, 
It might be supposed that the manufacturer is concerned mainly 
^vith the form mto Tvhich the porcelain should be molded Actu- 
ally It ifc with improvements in the material itself that the manu- 
faetuier has been chiefly concerned in his effort to produce a 
porcelain ot high insulating qualities which will be sufficiently 
strong mechanically to withstand the hea\y loads to which it is 
submitted m practice, and capable of withstandmg without 
deterioiation the severe weather conditions, mvolving frequent 
change <5 of temperature and humidity, to which it is subject 

The solution of these problems involves a profound study of 
ceramics and considerable experience in the manufacture of porce- 
lain All that need be said heie is that great impiovements have 
been made m late years in the production of non-poious porcelain 
ot mcreasmg mechamcal strength Porcelain as used for line 
insulators has a stieneth of about 40,000 lb per square inch in 
compression and 1,500 lb per square mch in tension, but special 
naixtures have been produced with a strength as high as 65,000 
lb per square mch in compression and 12,500 lb per square inch 
in tension ^ 

Since porcelain is a material which has no appieciable deforma- 
tion before rupture under mechamcal stress, the fimshed insulator 
may be tested without fear of mjury with loads not very much 
smaller than the ultimate breaking load The fact that porcelain 
insulators are now made which can stand sudden changes of 
temperature of 100°C without developing cracks has already 
been mentioned, and future improvements m the development of 
porcelain bodies will be such as to ehminate if possible the causes 
of the deterioration observed in many insulators after erection 
There is also a need for some rehable means of detecting faulty 
insulators before they leave the factory Present methods of 
testmg insulators before erection will not be discussed here 

The ultimate strength of modem suspension-type insulators is 
usually between 8,000 and 9,000 lb , a suitable workmg load for 
such umts bemg from 2,000 to 3,000 lb Evtra-strong units for 
dead-ending purposes or for taking the pull at corners are made 
with an ultimate strength of 14,000 to 16,000 lb. smtable for 
workmg loads of 4,000 to 4,500 lb There is even a design of 
high-strength 10-in unit which is smtable for a workmg load up to 
6,000 lb 

1 Pe^slee, W D a , m Tran^ A I E E , vol 39, part 2, p 1179 
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78 Factors of Safety Eliminatioii of Faulty Insulators — 

hen selecting insulators and deciding upon the spacing and 
airangement of conductors suitable for a given voltage, the factoi 
ot safety to cover abnormal pre^suie rises is a matter of great 
importance, smee it is obviously bad engineering to provide 
insulation in e\ces& of v hat experience has sho's^ n to be a reason- 
able safeguaid agamst interruption of service Generally 
«!peakmg, the m'^ulators should tv hen dry withstand a pies&uie 
test of two and a half to three times the tvoikmg pre^suie to 
giound, apphed foi 5 imnutes, and a wet test of not less than 
tw ice the working pre^'Sure This w ould sometimes be consideied 
too small a margm of safety but the ratio between the te-*t 
piessure and working pressure will depend upon whether the 
Ime voltage is high or low Overvoltages due to lightnmg are 
about the same whatever may be the operating voltage of the 
Ime, and the factors of safety used in the selection of insulators 
for low-voltage hues should, therefore, be much higher than for 
high-voltage lines Ob\nouslyj there are economic hmits to the 
amount of msulation which would be justified on transmission 
hnes foi comparatively low’ voltages and the result is that intei- 
ruptions and troubles of all kinds caused by lightning aie much 
more frequent on hnes operatmg at pressures between 22 (XHJ 
and 66,000 volts than on the recently erected 220,000-'volt 
Imes, and even on 110,000-volt lines The foUowmg safety factor^, 
representmg ratio between wet-test pressure and working pressure, 
are generally m accordance with usual practice, but the engineer 
should use his judgment m a matter of this sort It is clear that, 
on the coast, where gales and salt sea mists are prevalent, the 
factor of safety should be rather higher than in a district where 
the chmatic conditions are more favorable The effects of high 
altitude — ^to be referred to later — must also be taken mto account 


Working pressure voltage bet^ieen bne 
Wires 

Factor of safttj, 
wet test 

22 000 


44 000 


66 000 

2J4 

8S 000 

2 

110,000 and above 

to 2 


As the wet or “ram^^ test will give different results, dependmg 
on the method of conductmg the test, there should be a clear 
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unilei ‘'landing i>et\\ecn the puichasei and manufacturei on this 
point A veiy common specification is that the spray shall be 
diiectcd at an angle of 45 deg under a pressuie of 40 lb per 
^quaie inch at the nozzles the flow being regulated to give a 
precipitation of 1 in in 5 minutes The method of attaching 
tc^t wire and ground connection to the insulator should also be 
tleariy defined The test pressuie is usually measured by means 
of the <pheie gap 

Lf^ct uj Altdude — The insulatois on a transmission hne 
elected at high altitudes will flash over with a lower voltage than 
if the line w ere erected at sea level The reason for this is the 
1 educed air pressure at the highei elevation The flash-over 
voltage will not be exactly propoitional to the barometric pres- 
sure because the electrostatic field is not uniform, but depends 
upon the type and design of the msulator Mi Peek gives some 
results of experimental woik on vanous standard designs of 
msulator m his book Dielectric Phenomena ” previously referred 
to, but smce the departures from the theoretical relation for 
uniform dielectnc fields is very small, the coirection for altitude 
can safely be made by assuming the flash-over voltage to be 
directly proportional to the barometiic pressure 

As an example Suppose the flash-over voltage of a pm-type 
insulator is found to be 100 kv on test at sea level, then, if 
used on a transmission line erected at an elevation of 8,000 ft , 
it would be likely to flash over with a pressure of only 100 X 
22 

= 73 5 kv (The proportional figures are the approximate 

barometric pressures m inches of mercury at an altitude of 8,000 
ft and at sea level ) 

Detecting Faulty Insulatois while Line zs in Operation — A 
mattei which is now receiving attention, but is not settled 
or standardized, is the best means of detectmg faults m msulators 
while in use It is only of recent years that accurate data on the 
‘‘hfe^^ of high-tension insulators are beco min g available, and 
the contmued action of alternate heat and cold, dryness and 
dampness on the porcelam — or rather on the complete assembly 
of porcelam, metal, and cement — ^is found to necessitate a large 
percentage of replacements after a Ime has been m operation 
many years 

The causes of rapid deterioration — especially after several 
years of service — are being mvestigated and ehnunated as far 
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possible m the later designs but in the mean\vhile lme> 
that ha\e been m use for a considerable time are giving trouble 
in the matter of msulation mvolvmg incieasmg Mgilance and 
actnuty on the part of the operatmg «taff There is room foi 
improvement m the methods now available for detecting incipient 
faults m hne insulators without mtemiptmg the supply or dis- 
connectmg insulators from the live 'wires The so-called ‘'buzz- 
stick ” method as u^ed for locatmg defective msulators 
descnbed by T F. Johnson, Jr m the Elfcincal Woild, Sept 13, 
1919 ^ This method and also the ‘ spark-stick’’ method of 
detectmg defective insulators while the tian«?mi<^ion line is m 
use, are referred to by Prof H J Ryan m the Elect/ ical Woildj 
Jan 31, 1920 - Results of megger tests made on su'^pen^sion 
insulators on the Gieat Western Power Company’s lines since 
1908 are given by C F Benham in a paper pubhshed in the 
Transactions AIEE^ The investigation seems to mdicate 
that expansion stresses due to temperature changes have been 
the cause of more failures than porosity of the porcelain 
Standard msulator designs of the present day appear to with- 
stand the severe conditions of service veiy much better than 
the msulators of 10 or 15 years ago 

79. Spacmg of Overhead Conductors. — It is difficult to lay 
down rules for the proper spacing of overhead conductors The 
question has been settled m the past by the mdividual engineer 
who has usually striven to be '^on the safe side” m the matter 
of possible discharges between wires under abnormal condi- 
tions such as strong and vanable winds The result is that great 
differences are to be found m the wire spaemgs in different coun- 
tries and on different transmission systems in the same country 
The spacmg of the conductors should be determined by consid- 
erations partly electrical and partly mechamcal W ith the longer 
spans, the spacmg should be greater than with short spans, 
apart from voltage considerations The material and diameter 
of the conductors should also be taken into account when decid- 
mg upon the spacmg, because a small wire — especially if of alunoi- 
num — havmg a small weight m relation to the area presented to a 
cross-'wmd, will swmg out of the vertical plane farther than a 
conductor of large cross-section Usually wires 'wiU swing 

iVol 74, p 568 
3Vol 75, p 255 
8 Vol 42, p 981 
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synchionously in a wind, but wnth long spans and small wires, 
there is always the possibility of the ^nres swinging non-syn- 
chronously and the size of wire, and also the maximum sag 
at center of span are factors which should be taken into account 
in determining the distance apart at which they shall be strung 
A horizontal separation equal to something between one and 
one and a half times the sag at the temperature correspondmg to 
the season of highest wind velocities should be sufficient to pre- 
vent wires swinging withm sparking distance of each other, the 
closer spacmg bemg used with copper conductors of large 
diameter 

Formulas have been pubhshed purporting to give spacings 
based on data obtamed from existmg transmission hnes, but these 
formulas usuall}^ fail to take account of span length It is obvious 
that the spacing between conductors at a given line pressure 
should be greater with long span lengths than when the distance 
between supports is short This does not mean that the spacmg 
between conductors should be vaned with every change in span 
length but a formula representmg the usual spacmgs under given 
conditions should take account of the average length of span 

The following formula gives the approximate separation 
between overhead conductors in inches the symbol I stands for 
the average span length m feet, and kv is the hne pressure between 
conductors m kilovolts 

kv ^ \ ^ 

Distance between conductors (mches) = 20 + (87) 

This formula may be used as a guide m arnvmg at a suitable 
value for the horizontal spacmg for any Ime voltage and for spans 
between 200 and 1, 100 ft The vertical spacmg may be from three- 
quarters to two-thirds of the horizontal spacing, but it is usually 
undesirable to suspend wires in the same vertical plane, especi- 
ally m locations where sleet and ice deposits are likely to occur 

Clearance between Conductor and Pole or Tower — If the distance 
m mches, between the high-voltage conductor and the (grounded) 
metal work of the supporting structure is not less than 5 + 03 
kv this will be generally m accordance with what experience 
has shown to be a smtable clearance The symbol kv stands for 
the tra n sm is sion voltage between Imes, and not between Ime 
and ground 

In the case of suspension-type msulators, it is well to arrange 
for the clearance, even under conditions of greatest deflection 
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caused by high wmd<, to be not le-s than the sparking di-tanee 
over the string of in'^ulator unit< 

Chaiance above Gioupd — It is cu<tomaiy to allow a distance 
between ground and the nearest point on the high-tension ovei- 
head conductors of not less than 20 ft A mmimum clear- 
ance of 22 to 24 ft is often specified When the \oltage \er\ 
high, as on the recent 22U 000-volt lines, a minimum clearance of 
30 ft between wiie and ground is u^ual Even on the lower volt- 
ages, w hen the height abot e ground i^ about 22 ft w here the wures 
aie carried oter fields or open country, a mmimum clearance of 
about 30 ft IS often specified for important iailwm\ oi road eioss- 
ings or in town« and village‘s? 
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ELECTRICAL PRINCIPLES AND CALCULATIONS 

80 Resistance of Transmission Lmes. Variation with. Tem- 
perature — The effect of Ime resistance on transmission losses was 
referred lo m Arts 1 and 4 of Chap I, and a numencal example 
was worked out, show mg how the voltage drop and Ime efficiency 
of a d c transmission depend upon the conductor lesistance In 
Art S, the three-phase transmission hne was considered, and the 
manner m which conductor resistance determines the percentage 
power loss on any polj-phase system was discussed m Art 9 
The phj’sical characteristics of conductor mateiials were dealt 
with in Arts 37 and 38 of Chap IV, and the wire table on page 81 
may be used for calculatmg the resistance of transmission lmes 
This table gives resistances which are approximately correct at a 
temperature of 6S°F (20°C) , and the proper correction must be 
apphed to determine the resistance at any other temperature 
The change of resistance of metaUic conductors with temperature 
IS approximately accordmg to a straight-hne law withm certam 
lirmts of temperature variation Thus, if lOOo stands for the 
percentage mcrease of resistance per degree Centigrade nse above 
a given temperature at which the resistance is known, 

Rt = Roil + at) (88) 

where Ro = resistance at the mitial temperature 

f = temperature nse above initial temperature 
Rt = resistance at the higher temperature 
When t IS measured m degrees Centigrade, and Ro is the resis- 
tance at 0°C , the value of a for all pure metals is about 0 00425 
This coefficient is known as the “temperature coefficient of 
resistance at 0“C ” The relation expressed by formula (88) is 
represented graphically m Figs 88 and 89 where the straight lines 
gi\*mg the relation between resistance and temperature for copper 
and alummum are seen to meet the zero resistance ordinate at 
the point A The distance OA m Fig 88 is obtained by puttmg 
Rt -0 in formula (88), whence 

0 = Ro (1 +0 00425i) 
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if== OA) = ~ 


0 0042 j 
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This tempeiature is generally kno^^n the ‘inferred absolute 
zeio ” Suppose the resistance of an aluminum conductor 1*5 
known to be Ri ohms at a temperature of t-fC , it will be seen 
from an mspection of the similar tiiangles in Fig SS that the 
resistance if 2 at some othei temperatuie ^2 will be 



where ti and (2 are the tempeiatures m degree^ Centigiade 



Fig SS Fig 89 

Figs SS and 89 — Diagrams illustr iting relation bet\^ een resistance of pure metals 

and temperature 


When temperatures are read on the Fahrenheit scale^ the 
multiplying ratio must be obtamed from Fig 89 in which the 
‘ inferred” absolute zero is 



32j = — 390°r (approMinately) 


and the formula for temperature correction of resistance is now 





390 -j- ieX 
390 + tj 


( 90 ) 


where h and h are temperatures in degrees Fahrenheit 
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Example 22 Change of Resistance with Tempeiatwe — A 
stranded copper conductor of 300,000 circular mils cross-section 
carries a current of 140 amp Requiied the PR losses in a 10- 
mile length of this conductor at a temperature of — 20°F. 

The length m feet is 10 X 5,280 = 52,800 
The resistance m ohms per 1,000 ft at 68°F (taken from the 
table on p. 81) is 0 192, whence the resistance of the conductor 
at OS'T IS 0 192 X 52 8 = 10 15 ohms By inspection of Fig 89, 
the ratio of the resistances is seen to be 

_ i?_2o _BC _ AB _ (390 - 20) 
i?,, 10'15 DE AD (390 + 68) 

w hence 

2?_., = 10 =82 ohms 

\390 + 68/ 

which is, of course, the lesult obtained by usmg formula (90) 
The total PR losses at a temperature of — 20®F are, therefore, 
(140)2 X 8 2 = 160,700 watts 

The inferred absolute zero, as given on the diagrams Figs 88 
and 89, is approximately correct for copper-clad steel conductors 
It may also be used m calculatmg the resistances of commercial 
iron and mild steel wires or cables for ranges of temperature 
between — 20 and +40°C , but the mean temperature coefficient 
for iron when taken over a greater range of temperature is not the 
same as for copper and aluminum moreover, it will depend largely 
upon the quality of the iron wire For very pure iron, the 
temperature coefficient of resistance referred to 0°C (bemg a 
in formula (SS)) is about 0 0063 over a range from 0 to 100®C , 
while hard steel has a temperature coefficient at 0°C of about a = 
0.0016 for a range between 0 and 35°C 
81. Skm Effect. — Imagme a straight length of cable of fairly 
large cross-section, through which a steady contmuous current 
is flowmg, the return circmt bemg a considerable distance away 
The magnetic mduction due to this cuirent will not be only m 
the non-conductmg medium surroundmg the wire, but a certam 
amount — due to the current m the central portion of the cable — 
will be in the substance of the conductor itself In other words, 
the magnetic flux surrounding one of the central strands of the 
cable will be greater than that which surrounds a strand of equal 
length situated near the surface It follows that if the circuit 
be now broken, the current will die away more quickly near the 
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surface of the conductor than at the center, and, for the ^ame 
reason, on clo'^ing the circuit again, the current v^ill spread from 
the surface inward 

If now, the conductor be ''uppo^ed to convey an alternating 
current, it is e\ndent that, TMth a ‘sufficiently high frequency 
Tor even with a low frequency if the conductor be of large cioss- 
section\ the current vill not have time to penetrate to the 
interior, but ^ill reside chiefly near the surface This cro\\ding 
of the current to\^ard the outside portion*? of the conductor 
has the eftect of apparently inciea'sing the resi*stance, and it 
follows that if I IS the total current in a cable of ohmic resistance 
i?, the power lost in watts ould no longer be 7-i?, as in the case of 
a steady current, but 7-i?', t\here — which stands for the 
apparent resistance of the conductor — is / times greater than 
/?, its true resistance The multiplier I may be read off the 
diagram Fig 90, or if preferred, it can be calculated b^^ means of 
the formula 


1 + Vi + 
2 


(91) 


where T’ is a factor pioportional to the vertical distances on 
the diagram, that is to sav, to the quantity aica of ao6b-Hciwn 
X fiequency The value of F for copper is 

F = 0 omd^f 

and for aluminum, 

F = 0 ooesdy* 

where d is the diameter of the conductor in inches, and / is 
the frequenc}" in periods per second This formula and the 
curves of Fig 90 are based on the assumption that the return 
cuiient IS at an infimte distance, but this assumption mtroduces 
no appieciable error when deahng with overhead transmission 
lines 

It will be observed that so long as the product d-f remains 
unaltered, the multipher k is constant pronded the material 
remains the same Thus if, when doubhng the frequency, 
the sectional area of the (circular) conductor is halved, the 
. resistance to altematmg currents , 

resistance to contmuous currents 
In regard to the material of the conductor, the value of F 
in the formula is directly proportional to the specific conduc- 
tmty of the metal so long as the frequenc^^ remams constant 
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Thus if F ;or the value of the oidmate in the diagram, Fig 90) 
IS known foi a conductor of given diameter, made of copper, its 
value for any othei '^non-magnetic’’ mateiial is given by the 
ratio 

conducti\nty of met al of conductor 
conductmty of copper 



lOD LQS 104 106 108 110 112 114 116 L13 120 122 124 1.26 128 130 


**Skm Effect*^ Mialtipher 

Fig 90 — Diagram giving “skm effect” coefficient for drcnlar wires 

If the conductor is of iron (or other “ magnetic material), 
the value of A may be much greater than this ratio would indicate 
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It IS a not uncommon belief that \\hcn aluminum eondactoi-, 
aie use'd in place of coppei, the laigei diameter neee^^an to 
give the same conductmty wJl lead to a aieatei thiough 
' skin eftect’ , but the above multiplMnt: latio makc'^ it cleai 
that the peicentage inciea^e of lo-<e^ with alternating cuiientb 
of the same fiequency will be independent of the matezial of 
the conductor uon excepted' because the ereater sectional 
area necessart" to maintain the '^ame ohmic re^i^tance of the 
Imes when a wire of lower conductitnty i^ u^ed i'^ endently 
exactly balanced hy the higher specific re'^istance ol the 
metal 

The development of exact formulas for the ‘ skin-effect 
multiplier will be found m H B Dwight s ''Tran*-mi&sion Line 
Formulas 

82 Inductance of Transmission Lines — For the purpose of 
calculating the flux ot induction outride a straight c\lmdrical 



\ X — ^ 2r -f— 

V V ‘ 



Fig 91 — Flux surrounding single conductor of circular cross-section 


conductor, it is permissible to assume that the current is con- 
centrated on the center Ime of the wire. The Imes of magnetic 
induction surroundmg a long straight wire carrymg an electric 
current of which the return path is at a considemble distance 
will be m the form of circles concentric with the conductor. The 
number of Imes, or flux m maxwells, contamed between any two 
imagmary concentric cyhnders, of average radius x cm , and axial 
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lena:th I cm ^ce Fig 91; will be the pioduct of the magnetomo- 
ti\e foice b\ the permeance, oi 




4r, 1 X dv X II 

10 ^ "■ “ 2ti 

27 /m ^ dx 
'10 ^ 1 , 


where 7 is the cuirent m the wnie, m is the permeabihty, and 
(h iS the sepaiation between the cylmdeis, m centuneteis 
Assuming dt to become smallei and smaller without limit, 
and putting fi = 1 (for the condition of flux lines in air), the 
expression foi the total flux ouhide the conductoi, up to a limiting 
distance of d cm , is 

$ = 271 r^dx 

loX X 

= ( 92 ) 


where j is the radius of the conductor, m centimeters 
Efect of Taking into Account the Retmn Conductoi — The 
effective flux surrounding any smgle conductor of a transmission 



Fig 92 — Magnetic hues of force around two parallel conductors 

sj'stem will depend upon the distance of the parallel return 
conductor or conductors 

Consider, first, the loop formed by two parallel conductors of 
circular cross-section, one carrymg the outgomg current I and 
the other carrying the return current —I (see Fig 92) The flux 
due to the current I m the conductor A may be considered as 
extending indefimtely throughout space, with evei-weakemng 
intensity as the distance from the conductor increases, and the 
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«?ame aigument applies to the fu\ '•uiiuiinamg the letuin cnn- 
ductor B the onh difieience be^ng that the direction of the 
flux round A be considered po^itnc tLat t\hich sui rounds B 
will be m a negame direction - It follow - that the whole of the 
magnetic flux due to the cuirent I in *1, which is Mtuated at a 
chstance greater than tne distance d betw een centers of the out- 
going and return conductors i- exactly neutrahzed by the flux 
due to the current —ImB Thu- in Fig 92 it will be seen that 
the flux of induction surrounding A up to a di-tance d is not 
neutralized by the current —Im the conduct oi B but any mag- 
netic Ime such as M, situated at a greater di-tance P from the 
center of the conductor A, is exactly neutrahzed by the magnetic 
line *Vj due to the return cunent m conductor B since it 
also suriounds the conductor -A, but in a direction opposite to 
that of the line M It follow^; that the total sui- 

roundmg A — that is, the resultant flux which will gixT rise to an 
induced emf in the conductor when canying an altematmg 
current — is merely that portion of the total self-pioduced flux 
mcluded between the surface of the conductoi and the surface 
of an imaginai}’ cylmder concentiic with the conductor, and of 
radius d equal to the distance between the centers oi the outgoing 
and return conductois The formula i92j may, therefore, be 
used for calculating the flux which is effective in pioducmg an 
emf of self-induction m a single straight conductor when the 
whole of the return cuiient is situated at a distance d fiom the 
center of the conductor The flux as calculated by formula i92) 
IS that which suriounds the wire, and when the current to w’hich 
it owes its existence alternates m direction, an e m f of self- 
mduction will be induced m the conductor 

Smce 100,000,000 hnes cut per second generate 1 x^olt and the 
total effective flux sunounding the conductor is twice created 
and twice destroyed m the time of one complete penod, the 

inean x^alue of the e m f of self-mduction wili be volts The 

^ The conception of two distinct systems of flux Imes occupy mg the same 
space, IS not always justified smce it is the resultant flux distribution due to 
the several components of the magnetizmg force that should properly be 
consideied, but where the permeabihty (/xj is constant, as m air, B is pro- 
portional to H, and there can be no vahd reason wh> the resultant flux of 
mduction may not be pictured as the sum of tw o or more component sj stems 
of flux hnes, 
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Virtual 01 ini' value, on the &ine-wav'e assumption, is ^^2 
or 1 11 times tins quantitv, whence 
Induced volts = 


(93j 


If I stands 101 the viitual value of the alternating cmrent, 
the uiavimum value ot $ bj foimula (92), will be 


$ = - 


2 \ 21)1 


10 




.Sabst.tdtmg in foimula aftei replacing I by the number of 
centimeters in a mile, and convertmg the Napierian logarithms 
into common loganthms, 

Volts mduced per mile of conductor = 0 00466// log (94) 

Efed of Flux Lines in the Mateiial of the Conductor — The 
formula . 94j is approximately coiiect for conductors of oveihead 
tiansmission Imes t^hen these are of ^^non-magnetic’^ matenal, 
but it should be shghtly modified to take into account the effect 
of all the flux hnes uithin the mateiial of the conductoi This 
additional drop of pressure is not easily calculated because 
different amounts of flux hnk with different portions of the 
conductoi It is obvious that a poition of the conductor neai the 
surface is sui rounded by fewer flux hnes than a portion near 
the center of the cross-section The result is that the e m f 
mduced per umt length of conductor is not the same throughout 
the cross-section This suggests the possibility of eddy currents 
m the wire, but what actually takes place is a distribution of 
the current density o%'er the cross-section such that the total 
impedance drop — or the IR drop added (vectorially) to the 
IX drop — ^wiU have the same value at all parts of the conductor 
cross-section The correct calculation of the mternal reactance 
drop for cyhndncal conductors is given m Prof H B Dwight^s 
book Transmission Line Formulas ” 

The result is that the mductive pressure drop is actually 
somewhat greater than as indicated by formula (94), which 
neglects the mternal flux The corrected formula is 

-//[0»4e61og,^ + 00C«506] (9« 

+ 



ELELTmtAL I'RlKLIPLE.'i iS’D CALfA'LATIOS-i 24 


07 08 09 10 n 12 U IJ 15 16 17 18 



Example Illustraiing Ise of Chart — Eequired, the reactance per conductor of a trans- 
misaion hne 26 miles long consisting ot No 1 wires spaced o ft apart, the frequenej being 50 

The diameter of No 1 wire (from TabIe*on page SI ^ is 0 2S0 in , whence q-^ = 17 3 
and we read 1 27 off chart The required answer is therefore 1 27 X 0 5 X 2b = lb 5 ohms 

The equiTOlent spacing of three wires which do not occup> the \ ertices of an equilateral 
tnangle is where a, b and c are the rwpectne distances between centers of wires, in 

feet 
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The antiloEaiithm ot the constant in the brackets is 1 285, and 
It Is nioie conienient to wiite the formula 

Reactne \oltage diop i IX, ^ ^ 00466/7 log fl 285 -) (96) 

per niJe ot single conductor \ 7 / ^ ^ 

^ h en the =:aine as formula (,7 ; already- given in Chap II The 
leactance of stianded cables i«5 slightly less than that of sohd 
ccmiiuctois of the same cioss-section, owing to the fact that the 
oveiall dianietei of the cable is gieatei than that of the sohd wire 
Tables giving inductive leactance in ohms pei mile for diffeient 
^paCiCgs and <izes of wires are given in the “Standard Handbook 
foj Llectncal Engmeeis these figuies, w^hen multiplied by the 
\alue of the cuirent flowing m the conductoi, give the induced 
\ohi: as calculated by formula (96) 

For quick lefeience and rapid calculations, the chart on page 
24d w’lll be found convement It gives the reactance of a single 
conduct 01 in ohms pei mde for a fiequency of 100 In order to 
obtain the leactive drop m volts in a single conductor of length 
L miles, earning a cuiient of I amp at a fiequency of / cycles 
per second it is necessary merely to muthply the value read off 

100 


the chart bv ‘ 


83. Iron as a Material for Transmission Lme Conductors — 
The European war, by limitmg the supply of copper and alumi- 
num available m German}" and by causing an abnormal inciease 
m the pnee of these metals all over the world, led electrical engi- 
neers to consider the possibihty of usmg other metals as conduc- 
tors of electricity Zinc has been used m Germany for msulated 
wires and cables but it is mechanically weak and generally 
unsuitable for overhead transmission hnes 

T\Tien considermg the economic advantages of usmg iron or 
steel conductors, it is necessary to take into account (a) the 
cost of the mateiial at the place where it is to be used, (6) the 
“life'’ of galvamzed-iron wires or cables as compared with 
that of copper and aluminum, (c) the energy losses m trans- 
mission, (d) the voltage regulation, and the increased cost, if 
any, of maintaimng the pressure within specified limits at the 
recei\ung end of the lme 

Under item (b) the tendency to rust, especially when the 
conductor is in the form of stranded cable, and the possibility 
of local hardening resulting m crystallization at or near the points 
of attachment to insulators must not be overlooked 
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Under Item c the greath mereji*-Mi ^liiu effect' with altc mat- 
ing curients mu^^t be taken into account i- \\ell a*- the highei spe- 
cific resistance T\hich requiie^ a laT-srer cios**-seetion of non than ot 
copper wire e'v en when the transniis-ion > continuous curients 

Under item v/ the nJnr^a^ 'nd^ntnt^cf oi the '^vire \\hich is 
almost negligible with copper or aluminum becomes a mattei of 
consideiable importance owing to the gieath mci eased magnetic 
flux m the mateiial of the conductor when non oi steel is u^ed 
Although cables of e\tia-high-strength ^tecl wne are occasion- 
ally used for long spans — ^uch as iiver crossing-. — on impoitant 
oveihead lines transmitting laige amount^ ot eii€ rgv this rnateiial 
would not be satisfactory as a substitute for coppei oi alummum 
except on comparatively shoit sections of the entire line 

Very raiely may the use of non wuie for powei transmission 
purposes be justified on economic grounds Gahanized-iion 
or steel wire has a limited usetulness in connection with short 
tempoiai3" hues when the current to be earned is small mot 
exceeding 10 oi 12 amp ) The fact that non or steel wiics may 
be sti etched tightei than copper oi aluminum peimits of longei 
spans being used, and this tends still fuithei to reduce the 
initial cost of the Ime 

On account of the wide \aiiations in the electric and magnetic 
qualities of the diffeient giades of non and steel wire it is prac- 
tically impossible to predetermme losses and pressure regulation 
with a high degree of accuiacy 

Data and curv’es referimg to iron wire were published m the 
second edition of this book but owmg to the very small demand 
for such data, they have been omitted from this edition, and the 
reader who may be interested in iron wire foi oveihead lines is 
I ef erred to other sources of information ^ 

1 One of the most comcnient and comprchon-'i\ c puhlicaTioas dtalmg 
with iron as a conductor material for o\crheid Ime^ i*- tht booklet issued h\ 
the Indiana Steel and Wire Company of Muncie , Ind Olht r refei enc es are 
The Handbook on O^'eihead Lme Construction, published b\ the 
National Electnc Light Association 

The Handbooks for Electrical Engmeera 

Paper 252 by J M Milleb, issued bj the Bureau of Standards at \\ ash- 
mgton, D C 

Articles by Prof W J Elec Rev (Chicago-, vol 71, p 49G, 

Sept 22, 1917, and also \ol 72, p 713 ^ 

Articles m the Elec IVorld bv L W Morrow, Julv 14, 191 i , by C E 
Oakes and P A Sahm, Julv 27, 191S, bj R W GonnaBD, Apr 27, 1920, 
by H S Rush, Sept 10, 1921 

Article by E Kurtz, Elec Rev (Chicago), Aug 6, 1921 
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84 Inherent Regtilation of Short Transmission Lmes. — The 
fundamental \ector diagram Fig 9 t^hich was described m Ait 
io of Chap II IS repioduced heie for convenience It gives the 
correct lelations between the components of voltage w^hen the 
effects due to electrostatic capacity aie so small as to be negligible 
The formula vllj which w’as developed m Art 15 gives the 
1 elation between the piessuie Vr at the generatmg end of the 
line and tne piessiiie Ej at the recemng end in teims of the IR 
drop and the angles 6 and o Numerical examples were worked 
out in Art 16 based on the vectoi lelations as illustiated by Fig 9 



Fig 9 — ^^'’ector diagram for line calculations — capacity neglected 


The manner m which the electncal pioblems of short lines trans- 
mittmg altematmg currents may be solved without reference to 
tngonometncal tables was illustrated by Example 4 m Art 17, 
and the application of the simple diagram (Fig 9) to three-phase 
calculations was explamed m Art 18 and illustrated by Example 5 
m which the solution of the problem was obtamed by drawing the 
vector diagram to scale 

The percentage drop of pressure on a transmission line may be 
defined as the difference between the sendmg-end and the 
receiving-end pressures expressed as a percentage of the receivmg- 
end pressure Thus, m terms of the vectors of Fig 9, 

Per cent pressure drop = — ^-= — - X 100 

•On 
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ari<l thi^i ifc the '^ame a- the inherent cgnhitunt vshen the capac^t} 
cuiient between the paiallel conductoi^ of the tran&nussion line 
IS so small to be negligible The rea*^on \\hy this is not true 
when capacity is an important factor, as m long high-voltage 
lines, wtII be explamed later 

Assummg a thiee-phase transmi'^sion with the three conductors 
arranged to occupy the tertices of an equilateral triangle any 
one conductor may be thought of a- carr\ msc the outgoing current 
which returns by the two other conductor^ at a di^^tance d which 
IS the sepaiation between an\’ tw’o of the wires Thus, not only 
the IR drop but the IX diop also will be the eame m all three 
conductors, and the \oltage between wues at the sendmg end 
will be \^3Vr while the voltage between wires at the receiving 
end will be as illustrated by Tig 12 m Art IS This 1 *=^ 

true whether the system is star connected wuth a neutral pomt 
w hich may or may not be giounded at one end of the Ime or delta 
connected, m which case an imaginary neutral pomt may be used 
whenever this leads to a simplification of the calculations 

85. Inductance of Overhead Transmission Lmes with Unequal 
Spacing of Wires — The cuirent m any one conductor of an 
electric transmission line, whether the system be smgle phase or 
polj’phase, may be considered as the sum of a number of compo- 
nent currents which are exactly equal, but opposite m direction, 
to the currents in the remammg conductors The induced e m f 
m any one conductoi of an a c transmission may, therefore, be 
considered as due to a resultant magnetic flux which is the 
summation of the component fluxes m the two or more single- 
phase circuits formed by one paiticulai conductoi and each of 
the other (paiallel) conductors ^ 

The magnetic flux surroundmg a straight wire of ciicular 
oioss-section, up to a distance d cm from the center of the wire, 
as given by formula (92), is 

# = 0 2?/ loge ” maxwells 

w here I = length of conductor m centimeters 
I = current, m amperes 

r = radius of cross-section of wire, m centimeters 

^ This method of calculating the mductance of transmission hnes w ith any 
arrangement of parallel conductors was the basis of articles contnbuted by 
the w'nter to the Elec World and published m the issues of May 23, 1908, 
and Sept 15, 1910 
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Thi^ foimula a^bumes the peimeability of the medium sur- 
roundmg tne \siie to be umty (ju = 1;, and it applies, theiefore, 
to a '-mgle TV'iie oi any sjstem of overhead electric power tians- 
mi^^ion The foimula does not take account of the flux of mduc- 
tion mside the conductor If it is desired to calculate the 
belf-mduced e m f when the current is alternatmg with a fre- 
quency oi / cycles pei second use foimula (95) or (96) which 
take- account of the flux lines mside the material of the conductor 
when this is non-magnetic such as copper or aluminum 
Smce, as previously stated, any one wire of a power trans- 
mission Ime may be thought of as carijung the outgomg current, 
tne letum current — equal m amount, but opposite m direction — 
bemg earned by the one or more remammg conductors, it follows 
that if all of the current I returns at a distance d from the center 
of the outgoing conductor, the formula (95) may be used for cal- 
culatmg the total IX voltage drop m the smgle wire This 
formula is, therefore, applicable to a two-wire smgle-phase 
transmission and also to a three-phase transmission with the 
three conductors occupymg the vertices 
of an equilateral tnangle, but it is not 
applicable to a smgle-phase system m 
which the return current is divided 
between two or more conductors situated 
at different distances from the outgomg 
wire, or to a three-wire three-phase transmission m which the 
wires do not occupy the vertices of an equilateral triangle 
In Fig 93, the total outgomg current I is supposed to be the 
current m one of the several parallel conductors, while the total 
return current is divided between aU the remammg conductors of 
the transmission Ime, the condition bemg that 



Fig 93 — Section through 
foor parallel conductors 


I — “ (II + -^2 + Is + In) 

Let di, do, d-s, etc be the distances between the centers of the 
several conductors carrying the return current and the conductor 
earrjdng the outgomg current, and note that the total flux sur- 
3roundmg the latter conductor may be considered as the sum of 
the component fluxes, namely, the flux due to a current — /i 
retummg at a distance di, the flux due to a current — 12 returnmg 
at a distance do, and so on, for any number of components of the 
total current I Each of these separate components of the total 
flux can readily be calculated by means of formula (92), and the 
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expiession for the total flux surrounding a conductor m winch the 
current 1 letums along a number of paiallel conductors, as indi- 
cated m Fig 93, becomes 

# = 0.2Z[ - j. log, ^ -7» log, ^ -L log, (97; 

where ? stands for the radius of eros':-‘?eetion of the particular 
conductor which carries what w'lll be thought of as the outgoing 
cuiient 2. 

When energy- is tran^smitted b}" pohpha^e current«i with any 
number of conductois, the algebiaic '-um of the current«= in the 
conductors mu^t, at any given mutant be equal to zeio An> one 
conductor may be looked upon as carr^ung the outgoing eurient, 
while the remaming conductors together cany the return current 
Formula (97) can therefore, be usedioi calculatmg the effects e 
flux of mduction suiioundmg any one conductoi m a poKpha-e 
transmission, whatever ma\ be the aiiangement of the conductors 
Ob^nously, the phase relations between the se'v eial components of 
flux must be taken mto account, since it is the \ectoiial «um of 
the quantities m the formula that is reqmred 

86. Effect of Transposmg Conductors of Three-phase Trans- 
mission . — When the conductors of a three-wire three-phase 


zr 



Fig 94 — Illustrating effect oi transposing three pir illel conductors 


transmission are not equallj" spaced, that is to say, when they do 
not occupy the comers of an equilateral triangle, the IX drop 
(or mduced e m f ) will not be the same m all three conductors 
If each conductor of such a transmission Ime is made to occupy, 
in turn, the positions originally occupied by the remammg two 
conductors for a distance ^equal to one-third of the total distance 
of transmission, it is obvious that the out-of-baJance effect will 
be corrected. 
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Figuie 94 the ariangement of three conductois with 

unequal cpacings, a. b, and c The three conductors carrj'ing 
cunents h. Is, and I-., lespectively, occup 3 ' each of the positions 
(A;, {B , and 'C ; ovei one-thnd of the total distance of trans- 
mission Smce the mduced e m f will necessarily be the aarne 
m the thiee conductors, it ma}" be calculated by consideimg any 
one wire and addmg the flux components as calculated by formula 
‘97 for each of the three positions mdicated in Fig 94 Con- 
sider the total flux which surrounds 1-cm length of the conductor 
carnmg the current h amp 

In position (A) = 0 2 — Ja logj h log^ 

In position (B) = 0 2j^— la log« ^ log, 

In position (C) $1 = 0 2j^— /a log,^ — tz log, 

One-third of the sum of these three flux values will be the 
average flux surroundmg the conductor per centimeter of the 
entire length of the Ime, whence 

Average flux per centimeter, # = ^[— ih + iz) log, 

But in place of — (/a + Iz)) put h, and m place of ^ log, 
put log, y ^ whence 

T 

3/ T 

Average flux per centimeter, # = 0 2Ji log« ^ maxwells 

This does not melude the flux mside the material of the conductor, 
but if the ^‘equivalents pacmg^' is substituted for d m for- 
mula (95 j, the reactive voltage per mile m any one of the three 
wires of diameter 2r may be written 

(ZZ) = 0 00466/Z log, y^ + 0 000506 /Z (98) 

Thus, whatever may be the distances o, 6, and c, between the three 
pomts of support of a three-wire three-phase transmission with 
wires regularly transposed, it is always possible to calculate 
the impedance of the transmission hne by considering each of the 
three wires as one conductor of a smgle-phase circmt with the 
current returning by one or more imaginary parallel conductors at 
a distance equal to 
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Example 23 Inheient Regulation of Tiafismisswu Line iidh 
Unequal S paci ng oj C ondncioi s — Consider a three-phase o\ erhead 
line 24 miles long, supphnng energ;;^* at 22,000 volts with a fre- 
quenc3" of 60 c\’cles The conductors consist of Xo 0000 B <fc S 
stranded coppei spaced in a horizontal plane with a separation 
of 4 ft between the center wire and each of the outer "wires 
It IS desired to calculate the ma"umum load in kilowatts which can 
be transmitted this line when the power factor of the load is 
0 78, given that the inheient regulation or percentage pressure 
drop) must not exceed 10 per cent when the temperature of the 
wires is 90®F The amount of the capacity" current will be very 
small and msiy be neglected 
The reqmred data are collected below 

Pressure between hnes at recemng end, E = 22,000 volts 

Frequency^, / = 60 

Pow’er factor of load, cos d = 078 

Length of Ime, L = 24 miles 

[ Diameter of Xo 0000 stranded conductor, 2r 
From table on I == 0 522 m 

page 81 j Area of cross-section of wire = 0 1662 sq in 
[ Resistance, ohms per mile, at 68®F = 0 272 

Bj formula (90), page 235, the resistance per mile at 90®F wall be 

The increase of resistance due to skin effect need not be taken 
into account because the product area X frequency is 0 1662 X 
60 = 6 (approximately), and on refernng to the curve for copper 
m Fig 90 (p 238), it is seen that the skm-effect multipher is so 
small as to be neghgible 

The spaemgs between wires, m mches, are a — 48, b = 48, c — 
96, and the eqmvalent spacmg is 

d = -^48 X 48 X 96 = 60 5m 

Using this value in formula (98), or for dmformula (96) on page 244, 

- = = 232 which may be used m the formula or with d in 

0 261 

, 1- ; 60 5 

feet and 2r in the denommator, the ratio becomes a = i2^F522 

= 9 66 which may be used for readmg reactance per mile from 
the chart on page 243 The result is 
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Reactance per mile of single conductor, Z = 0 695 ohm 
The required regulation or percentage voltage drop is 

100 

^here T" stands for the voltage between wires at the sendmg end 
of the line The quantity (T" — E) is equal to — Z„) 

where T% and E are star voltages (wire to neutral) at the sending 
and recenung ends, respectively If the simplified formula 
' Ion, on page 28 is used, gi^mg the voltage drop per wre, the loss 
of pressure as measured between lines is 

(T" — Z) = ^/ZIL(R cos ^ + Z sm d) 

But smce it is not important to consider the current I except as it 
affects the total amount of power that can be transmitted, 

W 

it is possible substitute for it the equivalent quantity — -= 

VoZ cos B 

wherem W is the load (m watts) at the receivmg end Thus 

TrL(i? cos ^ + Z sm ^) ^ 

(j — Z) = i = ^ volts (approximately) (99)^ 

or, if preferred, this formula for pressure drop on a three-phase 
line (wire to wire not wire to neutral) may be written 

(T — Z) = ^ volts (approximately) (100) 


The expression for the percentage voltage drop (or regulation, 
if the Ime is short and capacity current may be neglected) is 


100(T^ - E) _ 100WL(R + Z tan 6) 
E Z2 


( 101 ) 


Values for tan 6 correspondmg to any given power factor 
I cos may be obtamed from tngonometnc tables, or calculated 
from the relation 


tan 6 = 


\/l — cos^ 6 
cos 6 


A short table of trigonometric functions will be found on 
page 28. 

^ This IS identical with the formula published by C E Warsaw in the 
Elec World, Jan 29, 1921 
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Applying formula 101 ) to the solution of tlii«? particular 
problem, 


IT = per cent pie^^me <hop_/^-^ 
lOOi R - X tan 0, 


10 X ^22)^ X 10« 


100 X 24 X (0 2S5 -i- 0 095 X 0 S02, 


= 2,400,000 


The lequired answer is that the permi-^sible maximum load at 
the recei\nng end is 2,400 kw A load in excess of thi« ^vould 
cause the mherent regulation to be greater than 10 per cent 
87 Inductance of Parallel Circuits as Affected by Position of 
Conductors ^ — ^By means of formula (97j it is possible to calculate 
the flux surrounding any one conductor of a power transmis^^^ion 
line even when more than one circuit is carried on the same pole 
hne Figure 95 shows the wires of two thiee-phase ciicuit^ 
occupying the comers of a regular hexagon \\ith equal side^ of 
length d These circuits are supposed to be in parallel and to be 
carrjnng a balanced load, so that the amperes of cunent will be 
the same m all six conductors Owmg to the symmetrical 
arrangement of the wires, with phase rotation in the same diiec- 
tion (1, 2, 3) m the two parallel circmts, the total effective flux 
around any one conductor will be the same (except in regaid to 
phase) as that which surrounds any one of the other five con- 
ductors The calculations for mduced emf tor for resultant 
flux) may, therefore, be made for any conductor such as the one 
which carries the current Ai In appl^nng formula (95i it is 
necessary merely to remember that the current A ^ may be con- 
sidered as the sum of five component currents which are exactly 
equal, but opposite m phase, to the currents m the five remainme; 
wires 

Referring to Fig (95), let the symbols Ai, A 2, A3 stand for the 
currents m one of the parallel three-phase circmts, while Bu B^y 
Bz stand for the (equal) currents m the other circuit Then A i 
is equal to Ri, not only m magmtude, but also in phase Simi- 
larly, 

A2 = B^ 

and 

As = Bz 


1 Repnnted with a few alterations from an article contributed bv the 
writer to the Jour Franklin In&t , September, 1926 
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The sc\eial components of the cuirent Ai aie 

A , + A 2 ) = +Ai returning at a distance d 
— A ) = — < *4 2 + Az) = +A I leturnmg at a distance V3d 
— = — ^4^ letuimng at a distance 2d 


hence by foiniula (9^ ), 


<i> 


-02l[a,Iog,f+.4,lO6,>f^-.l.log.f] 


2d- 


= 0 2Z.4.ilog, 


2 ; 


( 102 ) 



Fig 95 Fig 96 

Figs 95 and 90 — Alternate e arrangement of wires when two three-phase 
circuits are earned on same pole line 


If two separate three-phase lines with a considerable distance 
between them were substituted for the arrangement of Fig 95, 
the fluK surroundmg any one of the six conductors would be 

# = O. 2 ZA 1 log, - (103) 

T 

assummg the triangular (eqmdistant) arrangement with a separa- 
tion d between wires This is greater than the flux as given by 
formula (102) If a distance d — 120 in and a radius of con- 
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ductoi cio«'5-«ection / = U4 in be a^-uined the latio of the 
induced e m ts ioi the alternative airangementb will be 


, 120 
0 4 


log 


V3 X 120 
2X04 


1 025 


Although, in this example, the reactive drop with the two sepa- 
rate pole lines is only 2^2 per cent greater than with all six wires 
on the same pole hne, the fact remams that with the proper 
arrangement of wires on a smgle-pole line, two parallel three- 
phase cu cults may be earned with a smaller reactive drop than 
if the two circuits were earned on separate pole hnes with the 
same minimum spacmg between wires ^ By applying formula 
(97 j, it IS easy to calculate the flux surrounding any one of the 
conductors, whatever may be the spacing between them, and when 
the circuits are arranged as#m Fig 96, it w'lU be found that there 
is considerable unbalance of induced e m fs and that the average 
reactance drop is appreciably greater than with the phases 
arranged as m Fig 95, or with the two circmts carried on separate 
pole Imes 

88. Pressure Available at Intermediate Points on a Transmis- 
sion Line — Referrmg agam to Fig 9 (reproduced on page 246), 
the volts per phase at the generatmg end are Vr and at the 
receiving end, Enj the total drop bemg (T"« ~ Ej volts It does 
not follow, however, that the pressure available at a pomt halfway 

along the line will be Tn — (-^^*2 — ~) power 

factor IS rarely the same at all pomts 

The method of calculatmg the piessure available at some mter- 
mediate point L' miles from the supply station on a line of total 
length L miles, when the effects of capacity are neghgible, is 

illustrated m Fig 97 where C'C = ~ 

IS a measure of the voltage drop between the supply end and the 
pomt considered The power-factor angle at this point will 
be which can be calculated by making the required changes 

^ This was pointed out by the wnter in an article which was published in 
the EUc WorU, Sept 15, 1910, and, more recently, H B Dwight has verj 
clearly shown {Elec ITorW, Jan 12, 1924) that if two parallel three-phase 
circuit are earned on the same pole hne, the arrangement shown m Fig 95 is 
decidedly preferable to the more usual arrangement of Fig 96 
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in the foimulas of Article 15 Thu«=;, foimula (11) would be 

w ritten 

QD' — ^ 

cos yp 

and tne procedure thioughout is exactly the same as if calculat- 
ing the lequired geneiatmg-end voltage on a line (L — L') 
miles in length to give E, volts at the recemng end when delivei- 
ing I amp at a power factoi cos 6 
Such calculations aie usually unnecessary refinements, and, 
except on very long lines, the erioi introduced by assuming a 



Fig 97 — Vector dias;riin showing pressure at intermediate point on trans- 
mission line 

uniform drop of pressure along the Ime is raiely of any piactical 
importance 

The manner m which the \alues of piessuie drop, as calculated 
for a single conductor, are used m determming the inherent 
regulation of three-phase Imes was explained m Art 18, Chap II 
89. Electrostatic Capacity of Overhead Lines — ^Any arrange- 
ment of two conductors of electricity separated by an insulator 
forms a condenser of which the capacity will depend upon the 
spacing of the conductois and the nature of the dielectric between 
them In the case of overhead conductois runmng parallel to 
each other and to the surface of the ground over a considerable 
distance, the electrostatic capacity between the mdividual 
conductors, and between these conductors and earth, becomes a 
matter of importance 
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The lelation bet^seen the electro:rtatic capacity^ of a 
and the dielectric flu\ produced by a gi\en potential difference 
^as biiefly discussed in Ait 72, Chap VIII With a sme-wave 
alternating voltage the chaigmg current, in ampeies, ib 

Ic = 2;rj£C -104> 

where C is the capacity of the condensei, m farad®, and / 1 ® the 
fiequency, in cycles pei second The de\elopment of this 
foimula IS given in Art 76 (see footnote on p 219) Thiss 
charging cunent, as is well known, Ztuds the applied or impres-.ed 
emf by one-quaiter peiiod and if the electiostatic capacity 
per unit length of a transmission line is known, the capacity cur- 
lent which passes from wire to wire through the dielectiic )air) is 
easily calculated The total cunent in the line is obtained by 
adding (vectoiially; the capacity current and the load current 
The exact formula- which gives the capacitv m microfarads 
per mile between two cylmdncal parallel wiies in air is 


C. 


0 019 4 

log [a -r \ a- - l] 


U05; 


where a = 2 / ^ being the distance between centeisof wiies and 

/ the radius of cross-section of the (circular) conductor, expressed 
m the same umts as d It is more generally useful to considei the 
capacity as being measuied between one wire and the neutral 
potential surface This will be twice the \alue of the capacitt" as 
measuied between the two wires, but when calculating the charg- 
mg euirent, it is the voltage between iriie and neutial &uifacc that 
must be taken, if this latter value of the capacity is used 

The foimula (105) may be put into another form which is verx" 
convement if tables of h\ 7 )erbolic functions are available 


^ The '^vords penniitance and — ^more recenth — capacitance, when applied 
to a condenser or the dielectric field betw'een conductors, hue the sinie 
meaning as electrostatic capacity or, briefly, capacity The word jM^rmittance 
was suggested by HeiMside, who chose it for the very good reison thit it 
connotes m the dielectric circuit the sime quality as the words admittance 
and permeance m the electnc and magnetic cii cults All three words mean 
generally the same thmg namely, the quilitj or attribute which admits — 
allows to penetrate or pass through — ^while capacitance suggests this no 
more forcibly than capacity The word conden^ance, although the latest 
aspirant to philological fame, appears*to hue nothing to recommend it 
apart from its debatable euphony 

^ The derivation of these formulas is given m the majority of textbooks 
treatmg of altematmg currents 
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In the formula f 105) common logarithms are referred to in the 
denommator, but by makmg the pioper correction to the numer- 
ator and substitutmg Xapieiian logs, the denommator becomes 
log* \ a- — 1 ), which is the quantity of which the hyperbolic 
cosme IS a Thus, the inverse hjperbohc cosme of a, or cosh”^ a, 
is the equivalent of log< (a + a/u- — 1), and with the corrected 
numerator the formula (105) becomes 


Cmi = 


0 0447 
cosh“^ a 


(106) 


If the capacity per mile of single conductor, measured between 
wire and neutral, is required, the numerators of these formulas 
must be doubled, and the correct formula may be written either 


or 


0 038 8 

” log (u + Va- - 1) 

0 0895 
cosh~^ a 


(107) 

(108) 


When the distance d between wires is large as compared with the 
diameter (2r) of the conductor — a condition which obtams on all 
high-voltage overhead power Imes — ^the quantity “ 1 m 
formula (107) is very nearly equal to a, and the simplified formula 
becomes 

^ _ 0 0388 

log 2a 


or 


0 0388 



(109) 


This formula gives the capacity m nucrofarads per unit of con- 
ductor, as measured between the wire and the imagmary neutral 
plane, with sufficient accuracy for calculatmg the chargmg current 
in any practical high-voltage overhead power transmission Ime 
Formula (109) gives results very shghtly smaller than formula 
(107) or (108), but when a is large, that is to say, when the 
distance between wires is many tunes the diameter, the error is 
neghgible. The error becomes appreciable only if a is less than 
10, and even if a is as small as 4 (a quite impossible state of thmgs 
on an overhead transmission with bare wires), the error would be 
only 0 8 per cent 
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Relation hdvfni PunniftHiCe nudh^diutnuccof Overhead — 
It IS possible to e\presb the chargme carrent on o\ erhead line^* 
in terms of the reactance Thi^ la due to the fact that there 
an approximately constant relation beti^een the inductance and 
the capacity, which is independent of the size and spacing of the 
conductors The formulas 94 j and 95 of Art 82 give values 
for the quantity IX, that is to say, for the product of curient and 
leactance Formula (94) takes no account of the magnetic 
flux withm the mateiial of the conductor, and, if the inductance 
based upon the extei nal reactance only is considered, a simple 
relation between permittance and inductance is obtamed 
If L stands for the mductance ( coefficient of seK-mduetion i in 
henrys per mile of smgle conductor, and X is the reactance m ohms 
per mile, then, on the sme-wave a's^umption 

A = 2r/L 

whence, if the value given by formula 94 1 namely , X = 0 (XUddf 


d 

log IS substituted for X, the approximate value of the mduc- 
tance per mile of smgle conductor i«s 

L = 0 000741 log ^ henrys ‘110' 

Comparmg this expression with formula ( 109) gnung the capacity 
m microfarads per mile of wire, it is seen that the product of these 
two quantities is a constant, namely, 

By usmg the exact formulas for Cm* and L, and taking an 
average of this product between the usual limits of the ratio 


33,600 

This formula is generally more exact than formula (111), which 
neglects the magnetic flux inside the conductor By expres‘=!mg 
L m terms of X and the frequency (J) 

If it IS desired to express the chargmg current i>er mile in terms 
of the reactance per nule it is necessary merely to substitute the 
above expression for Cmf m formula (104), which gives 

J = ^ — — amp (approximate) per mile of conductor ( 1 14) 
8 5X X 10® 
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This foimuia foi calculating the magnitude of the charging 
cuiient T\hen multiphed by the length of the line in miles, 
\\ill give the charging current in the line at the geneiating end 
The result usually smallei than the value obtamed by measure- 
ment on actual hnes The leason is that the assumption of 
sinusoidal impiessed e m f is laiely justified, and the irregular- 
ities and peaks in the actual pressure wave may cause an mcrease 
oi charging curient amountmg to 20 oi even 40 pei cent of the 
calculated value These consideiations emphasize the absurdity 
of devoting a consideiable amount of time to mathematical 
lefinements, or of using complicated formulas of which the 
mci eased accuracy is of no practical value seeing that they are 
based on assumptions that are never realized m an actual trans- 
mission system 

90, Capacity of Three-phase Lmes. — The formulas m the last 
article give the capacity betw^een tw’o parallel wiies as measured 
from wire to neutral, and m the case of a smgle-phase transmis- 
sion, the capacity between the t-wo wires would, as it were, consist 
of two such capacities m series and would, therefore, measure 
half the value given by these formulas, all as previously men- 
tioned It should, however, be noted that it makes no difference 
which value of the capacity is taken for the purpose of calculatmg 
the chargmg current, provided proper attention is paid to the 
potential difference available for chargmg the condenser In 
the case of the smgle-phase transmission, the pressure available 
for chargmg the two imagmaiy condensers m series is exactly 
twice the pressure between one wire and neutral (see Fig 98) 

Xote that if a third parallel wire (3) is placed anywhere m the 
neutral plane equidistant from the wires (1) and (2), any electric 
charge on this wire will affect wires (p and (2) equally, and it will, 
therefore, haie no effect upon the peimittance C as measwed between 
the wires (1) and (2) 

Consider, now, a three-phase transmission with the three 
conductors occupymg the vertices of an equilateral triangle^ as 

^ With an irregular arrangement of the three conductois having spacmgs 
a, 6, and c, the equiialent equilateral triangle will have sides equal m length 
to the geometric mean of the three actual distances between wires, or 
deQm^ = '^abcj as proved m Art 85 when consideimg the inductance of 
irregularly spaced conductors The fact that this condition holds for 
capacitv calculations as well as for reactance calculations may be mf erred 
from the expression for capacity in teims of reactance as mdicated by 
formula (113) m the preceding article A complete proof is given in H B 
Dwight’^ ‘‘Transmission Line Formulas ” 
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shown diagrammaticallj .n Fig 00 Since the eapaeity bct\\c* n 
any two conductor-^ is unaffected by th^ pre'^ence of the th ’ i 
conductoi the capacity C as measured bet\\een am one 
and neutral is the -ame a< for the sinu:Vpha^e arrangement 
pio\uded the -epaiation d between condactor^ and the radiu^' t 
oi conductor cro^'^-^ection lemain unaheitd The mual lepie- 
sentation of this condition with the imaginary capacity C 
between each wuie and neutial w hicii provide'- for the two capac- 
ities in senes between any two wiie^ , i- -hown m Fig lUO 
Although the capacities C mea'^uied between one wire and 
neutial are the same m Fig«! 9S and lOO it doe^ not follow that 
the charging cuirent per wire is the same foi the thiee-pha‘=e as 



Figs 9S, 99 and 100 — Diagrams illus^nting elect ro5+ itic caru‘'i*\ of o\trm la 
transmission lines 


for the single-phase arrangement with the same voltage E 
between wires The chaigmg current will depend upon the 

E 

voltage between wire and neutral, which is ^ for the smgle-phase 


transmission and 



for the three-phase system 


The repre- 


sentation of the capacities between the wires of a three-pha>e 
system, as shown m Fig 100, has the great advantage that a 
three-phase, or mdeed any poljiihase, system may be treated as a 
combination of several single-phase systems, and the calculation 
of the capacity current per wire becomes a simple matter 

The capacity between each wnre and ground is relatively small 
and may alwaj"^ be neglected in calculations on overhead tians- 
mission Imes It is, therefore, only when great refinements and 
scientific accuracy are aimed at that the simple diagram of Fig 


100 IS no longer apphcable 
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91. Electrical Calculations for Lines with Appreciable Capacity. 
By means of foimula (107J or Q09;, the capacity from wire to 
neutral ma\ be calculated for any transmission line or section of 
line of lenj^th L miles The charging cuirent L, which leads the 
voltage by one-quarter peiiod, may be calculated by formula 
1 104, or 114i, and, by addmg this cuirent vectorially to the 
load cunent L the total current m the line at the supply end of 
the section is obtamed The current at the receiving end is 
nieiely the load cuirent 7 since the whole of the charging cuiient 
1 has passed out of the vire over the length L nules between the 
sendmg and the recennng ends of the hne 
A long transnnssion Ime may be divided mto a number of 
sections of length AB = L miles, as indicated in Fig 101 If R 
and X stand, respectively, for the resistance and reactance per 

Resistance =s LR 


Fig 101 — ^Long transmission Ime di\'ided into sections 

mile of wire, the resistance per smgle conductor L nules long is 
LR ohms, the reactance is LX ohms, and the capacity suscep- 
tance^ fon the sme-wave assumption) is 27r/LC mhos, where C 
stands for the capacity between wire and neutral per mile 
{expressed m farads) 

When a long transmission line is considered as a succession of 
umt sections, such as the length AB of Fig 101, it is necessary 
merely to imagme a very large number of short sections to 
understand how a diagram such as Fig 101 may be used to study 
the voltage and current relations m an actual transmission Ime 
where the mductance and capacity are not concentrated at any 
particular pomts but are distributed over the entire length of the 
Ime By imagmmg the umt sections to be made smaller and 
smaller without hmit, correct formulas may be developed,^ but 
since the simpler formulas, based on the assumption of concen- 
trated capacities, are sufficiently accurate for nearly all calcu- 
lations on power transmission hues, these will be developed in the 

^ The ratio of charging current to voltage 

® The development of these formulas is given m Chap X 
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first mstaiice and used to illustrate the effects of capacity when 
the line is of suflBcient length to render these effects appieciahle 
The vector diagiam Fig 102 applies to an\ line or section of 
hne, such as AB of Fig 101, with the capacity LC ’between wire 
and neutral) supposed to be concentrated at the recenung or 
‘Toad” end of the section considered The total line current 
7, is, therefore, equal to the vectorial) sum of the charging 
cuirent 7^ and the cunent 7 taken out of the line at the receiMng 
end of the section 


A R es i sta n ce of single eonductor = ^ LR) Peac^a^^ee = ^ LX ) 


Supplj en? Lane cuirent -■ J$- 
ofUne or 


I— Load current 


section of 
iinel, 
miles long 


Cbarg’cg 




»/e 

fz,c)| 





The vector OKj representmg the chaigmg current, is drawm 90 
deg in advance of the recennng-end voltage (En), while the vector 
OA representmg the “load” current is drawn B deg behmd the 
receivmg-end voltage, the power factor of the load bemg cos 6 
(laggmg) Obviously, when considermg a section of the entire 
Ime as m Fig 101, with -1 as the sendmg end and B as the receiv- 
mg end of the section, the expressions “load” and “power factor 
of load” must be understood to mclude with the load proper the 
portion of the transmission bne between the point B and the end 
of the Ime The vector OS (Fig. 102) is the total current m the 
Ime, bemg the sum of Ic and 7 The manner m which the voltage 
{Vn) and the power factor (cos B^) at the sendmg end of the section 
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are calculatcil ^lil oe undei«toocl tiom the step-by step develop- 
ment of the foiniuIa=' which toUow's 

o! of ,Sfu(h>ig-end Voltage Ba^ed on Voltage and Load 
nt the Rut I igEiid 

(V, I = Xi = I -rl sm.9 

Note that «in S is negatne when cuiient lags ) 

2' I, = OX = I cos 6 
i3' a =MD = I 'LX) + IJLR) 

(When a is po^itae, plot above refeience axis ) 

( 4 ^ h = BM = 7 LR) - 7 , ^LX) 

(TlTien b is po^nue, plot to tight of point B ) 

' 5 ^ 0-17 = E ■+ b 


(6) tan a 

(When tan a is negative, the angle a is also negative ) 

(S) co^ = ‘ (Consult tiigonometric tables ) 

(9) Vr = OD = (This IS the voltage — wire to neutral 

cos a 


— ^at sending end ) 

If preferred, the evpression for this voltage may be written 
Vr = + b)- + a% which simplifies mto the convenient 

formula 


(9*=) = (Fr +b) + 2(En + W ^ 

This approximation is justified because a is small relatively to 
Er + b) Refer to footnote on page 89 of Chap IV 
Calculation of Cuiient andPowei Factoi at Sending End 

(10) tan |S = 4“ 
lb 

fP) = I trigonometuc tables ) 

(.Xote that when le = 0 , tan 0 = tan 6, and ^ = 6 ) 

(13) I. = 0S = 

cos /3 

(14) e.=p-a 


(If 6, is negative, current lags behind sendmg-end voltage ) 
( 15) cos Bt = (Consult tngonometnc tables ) This is the 
power factor at the sending end of section It will be a leading 
or lagging power factor dependmg upon whether 0* is positive or 
negative 
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Cakvhit'0/i or Lu ( s 

16. att^ lo"! m a '^intrie cunauetc’ = prmc^ input pei pba^e 
powei output per plia-c 

= T" 7_ co^ — L I coi 3 
= I Lli 

E la/nple 24: — Elect Cf^Jt T*u i q Aa ntim of Cnpac- 

Jq C u//efit — The data ii'^ea m the-e calculation^ aic a^ follows 
System three-pha-e 

Line piesfcUie at the recent ms: end L = ss OUO \olt« 

‘'Stai ' voltage, E = 

\ d 

Fiequency f = 60 
Load = 22,000 kv -a 

Power factor ot load, co«: ^ = 0 S lagging 
Length of transmission line L = 100 niile< 

Conductois, Xo 0000 B ck S , -^^tianded copper 
Equivalent spacing = 9 ft = 10b in 
Fiom the w’lie table on page 81 the re^i'^tance at 6S"r 
found to be i? = 0 272 ohm per mile By luimula '96 the 
reactance per mile is 

X = 0 00466 X 60 X log (l 2S5 X = 0 7o2 ohm 


By formula (109j, the capacity (wire to neutral* is 

Cmt = ^ 01485 mf per mile, and the capacity 


log 


108 


0 261 

««usceptance per mile is 

= 27r X 60 X 0 014S5 X 10~^ = 5 6 x lO”*' mhos 


The load current is 


_ 22, 000 

3 X SS,000 


144 5 amp 


By way of lUustratmg the method of procedure based upon 
the vector diagram Fig 102, assume the whole of the electiostatic 
capacity to be concentrated at the centei of the line, as indicated 
in Fig 103, and calculate the conditions at the sendmg end by 
considering the hne as consistmg of two sections each ^ j L miles 
long Fust calculate the conditions at the halfw^ay point, 
noting that the 50-mile section connected to the load is supposed 
1 If prt fcrred, the ch irt on p 243 ma\ be used 
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to be without capacity, fo that it would be possible to use the 
foimulas for short lines as dei'eloped in Chap II, but the same 
results will be obtamed by followmg item b3' item the procedure 
baced upon the vector diagram Fig 102, merely observing that 

r, = 0 

>!• Ia= 0- 144 5 X 0 6 = -86 7 amp 
2‘ Zo = 144 5 X 0 8 = 115 6 amp 

t3i a = (115 6 X 50 X 0 762) - (86 7 X 50 X 0 272) = 3,220 
volts 

(4) 6 = (115 6 X 50 X 0 272) + (86 7 X 50 X 0 762) = 4,870 
volts 

(5) (Er + 6) = 50,810 + 4,870 = 55,680 volts 

(6) tan O' = ® 

00,680 

(7) O' = 3° 19' 

(9.)£/- 55,680 +^14^ = 55,770 

which IS the voltage across the condensei supposed to be con- 
nected between line and neutral plane at the nudway point 


A . I 



(13) The current in this section of the line is the load current 
I = 144 o amp 

ri4j = = -36° 52' - 3° 19' = - 40° 11' 

(loj cos = 0 764 (laggmg) [sm B — —0 645] 

This is the power factor at the midway pomt on the Ime 

(16) The Ime losses per conductor m this section of the hne are 

m = (144 5)2 X 50 X 0 272 == 284,000 watts 

Repeatmg the calculations for the 50-mile section at the sendmg 
end of the Ime, it is necessary merely to follow the same proce- 
dure, notmg that the load current has the same value as before, 
namely I = 144 5 amp , but the voltage (Ime to neutral) at the 
recenung end of the section is now En — EJ = 55,770, and 
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the ne\\ load’ power factor co^ R = co^ 9^ = 0 7*34 Tne 

calculations follow 

With a voltage = 55,770 acro^-- a conden’-er of susceptance 
100 X 5 6 X 10”^ mhos the chareiing current 

Ic — 100 X 5 6 X 10“^" X 55,770 = 31 2 arnp 

(I) Jg = 31 2 — 144 5 X 0 G45 = —02 amp 
f2) It, = 144 5 X 0 764 = 110 5 amp 

(3) a = (110 5 X 50 X 0 7b2i - bl 3 X 50 X U 272 1 =3,380 
volts 

(4) b = (110 5 X 50 X 0 272; - bl 3 X 50 X 0 762> =3,S40 
volts 

(5) (Er.' + b) = 59,610 

O OQA 

(7) a = 3° 14' 

(9“) Tn = 59,610 + 2"x'5^i0 “ volts 

which IS the required voltage ^wire to neutral i at the sending 
end of hne The pressure as measured betw^een wires is 
= 103,400 volts 

(10) tan ^ HI- 0 561 

^ iiU 0 

(II) j3 = ^29“ 17' 

(12) cos /3 «= 0 872 

(IS’^ L = = 126 5 amp 

(14) e, = -29° 17' - 3° 14' = -32° 31' 

(15) cos = 0 843 

This IS the power factor (laggmg) at the sendmg end of the hne 

(16) The PR loss per conductor is 

(126 5)2 X 50 X 0 272 = 217,000 watts 

The total losses m the three conductors (both sections; are 
3(217 + 284) = 1,503 kw , which is 8 5 per cent of the power 
dehvered at the recei\nng end of the line 
The hne drop per wire is 59,710 — 50 810 = 8,900 volts, which 
IS 17 5 per cent of the pressure at the receivmg end 

The difference between sendmg-end and recei'vnng-end voltages 
as calculated m this numerical example for a hne 100 miles long, 
with the whole of the capacity supposed to be concentrated at the 
center of the line, differs by less than one-half of 1 per cent from 
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the hne <hop calculated on the basis of unifoiml^^ distributed 
inddctancc and capacity So ^mall an eiroi is entirely negligible 
in calcTiIation^ oi piactical tiansmis^^ion lines, especially as many 
a^^umptiOn^ have to be made mcludmg the piobable amount and 
powei factoi ot the load, the tempeiature, and, theiefore, the 
le-i^tance ot the conductors, and the wave shape of the impiessed 
e mf The ^ely fact that 'Sinusoidal wave shapes aie assumed 
in nearlv ail cases even when the so-called exact foimulas are 
a<ed, and that the amount of the chaigmg cuirent depends 
laigely upon the w’ave shape would seem to indicate that refine- 
ments ot calculation aie unnecessaiy and may even be undesii- 
able Calculations on lines 150 miles long may be made wnthout 
appreciable erioi on the assumption of a single condenser load 
at the center of the Ime, as indicated in Fig 103, and by imagmmg 



Fig 104 — Diagram oi long line dmded into three sections 


a longer line mp to about 300 miles) to consist of two sections 
similar to the Ime of Fig 103, the diagram Fig 104 is obtained, 
with the total permittance divided equally between two con- 
denser's By calculatmg E' at the sending end of section (1), 
at the sendmg end of section (2), and finally V at the sendmg 
end of section (3), the conditions at the sending end of the hne 
maj" be determined in three successive steps with a probable 
error of less than one-half of 1 pei cent As a matter of fact, 
a straight transmission without branches or mtermediate tap- 
pmgs will rarely be found, in practice, of so "great a length 
as 300 noiles, and, therefore, the transnussion Ime engmeer has 
verj" httle use for the coirect, but less familiar, formulas based 
on the condition of uniformlj" distributed inductance and capacity, 
but since these formulas are of very great value m other fields, 
and may be preferred by those familiar with the mathematics 
involved and the use of tables of hyperbolic functions, their 
development and apphcation will be taken up in the followmg 
chapter, 
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92. Power Factor of Load Consisting of Several Circuits in 
Parallel. — ^T\’hen the load connected to a paiticiiUi ^^upply cii c n t 
IS made up of a numbei of separate ^mailer load'- — ^uch a*- motors 
of different sizes and powei factor*^. Lgntma cucuits, etc — it 
necessary to add these loads m order to deteinnne not only the 
total actual powei, m Tvatts, but aKo the volt-ampere^ or the 
power factoi of the total load so tiiat the cm rent in the supply 
circmt ma 3 " be calculated The ^ummat.on of load« of diffeient 
power factois must also be made when a tran''ini-^'=ion line feed's 
mto a pomt where one oi moie bianch lines take loads of different 
amounts and powei factors Assuming the apparent power 
(volt-amperes) and the true power ^vatt=^ to be knotvn m con- 
nection with each component load, the summation of these «?epa- 
late loads, all connected in parallel across a ^mgle supply circuit, 
IS easily earned out m the foUowmg mannei 
Let Pi, Po, Pc, etc stand foi the tiue powei of the respective 
component loads, and let Q., Oc, etc stand foi the corie«pond- 
mg ^‘reactive powei then the volt-ampeies oi appaient po\ver 
of any mditudual load, as foi mstance load 2 is >£/ j = 
\/P^~+ Q^r and the powei factor of this load is cos d> = 
Pa 

Similarly", if cos 6^ = po^er factor of the total load write 

fl = :SP ^ 1 

’ VlSPr- + 1 a. 

\ ^ + bp/ 

and it is necessary" merely to sum up separately the ‘‘m-phase"' 
and ‘"reactive” components of the several ciicuits to obtain the 
true power and leactive power of the supply circmt 
Exaynple 25 Parallel Cucmts with Load^ of Diffeient Poiier 
Factois — Consider four different circmts connected m parallel, 
the kilovolt-ampere loads and power factors bemg as given m the 
second and third columns of the accompanjung table Assume 
the true power values to be measured in the direction of the vector 
of reference, and calculate for each load the values of the compo- 
nent vectors, namely 
Active component, P = Kv -a X cos 9 
Reactive component, Q — Kv na X bm 0 
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These values aie lecorded m columns 4 and 5 of the table 


Load a* ' 

Kilo\ olt- 
pe^es 

Powe»* lactor, 
cos 6 

Active com- 
ponent, 

P = k\ -a X 
cos d 

Reactive com- 
ponent, 

Q = kv -a X 
sin d 

1 

100 

' 0 5 (lag) 

50 

-86 6 

2 

120 

0 S llag) 

96 

-72 

3 

80 

1 0 

SO 

0 

4 

60 

0 0 qead) 

0 

+60 


SP = 226 2Q = -98 6 


If these component values are plotted as indicated m Fig 105, 
it IS easily seen that the total power m watts is OA = SP, while 
the reactive power is AB = EQ The power factor of the total 
load IS, therefore, the cosme of the angle of which the tangent is 


, „ 2Q _ 98 6 

tan di — 2 p 226 


= -0 436 



whence, from trigonometric tables, cos ^4 = 0 916 lagging (because 
tan 9t IS negative) If tngonometnc tables are not available, 

cos 8t = - , ^ = — 7 ==L== = 0 916, and the total 

Vl + tan^ e. Vl + (0 436)2 

226 

kilovolt-amperes are “ 247 

It is not necessary to draw the vector diagram as m Fig 105 
which merely serves to show how the vector OBy which repre- 
sents the total kilovolt-amperes of the supply circuit, is equal to 

•v/(SP)* + (SQ)* 


CHAPTER X 


VOLTAGE CONTROL— ELECTRICAL CALCULATIONS FOR 
LONG TRANSMISSION LINES 


93. Distinction between Line Regulation and Voltage Drop — 
The inherent regulation of snort lines was discussed in Art S4, 
Chap IX (refer also to Example 2E Ii E = pressure at the 
sending end and E = piessuie at the receiving end of a trans- 
mission Ime, the percentage diop of pressure is 


Per cent pressure drop = ~~£— 


100 


and this is also the line regulation when the effect* of line capacity 
are so small as to be negligible On long high-\ oltage lines there 


A 


ido) 



Fig 106 —Vector diagram showing pressure rise at end of long unloaded line 

IS an appreciable component of the total current which leads the 
voltage by one-quarter period, and as the phase of the e m f 
mduced by this current component lags one-quarter period behmd 
the current, it wiU be m phase with the e m f which produces the 
charg in g current Thus less pressure wiU be required at the 
ganriing end of the line than would be necessary if the capacitance 
of the hne were neghgible The well-known effect of a pressure 
rise at the receivmg end of a long transmission Ime on open circuit, 
or when the load is verj' bght, is clearly lUustrated by Fig 106 
In this vector diagram, the pressure at the receiving end is 
represented by the vector OB, while OA, drawn at right angles 
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to OB — in the foi^aid diiection — is the capacity cuirent as 
calculated by loimula {104} It is a-^^sumed that the load is 
entiieljv dicsconnected, and the euiient I, is the total curient on 
the line The voltage component lequiied at the generating end 
to oveicome ohmic le^istance is BC, in phase with L, and the 
component required to balance the e m f of self-mduction, as 
calculated by toimula (9b,}, is CD, drawn 90 deg in advance of 
OA The pressure lequiied at the geneiatmg end is CD, which 
may be smallet than OB It is tiue that the capacity has been 
assumed to be concentiated at the receivmg end of the line, but 
with distributed capacity, the same effect of a in pressure as 
the di'^tance fiom the generatmg end mcieases will occui It will 
be seen that this is due to the e m f of self-mduction of the 
chaigmg cuiient bemg m phase with the impressed voltage If 
the Imes were without mductance, there could be no pressure rise 
The effect of capacity on the Ime when the distant end is closed 
on the load wiU depend upon the amount and nature of the 
load If the load is heavy" and laigely inductive, the current 
put mto the Ime at the generatmg end will be less than the load 
current, and the PR losses will, therefore, be smaller than if the 
hne were without capacity 

Regulation is defined as the change of pressure at the receivmg 
end when the load is thrown off (the supply voltage remammg 
constant) , the legulation of a long high-voltage transnussion hne 
will, therefore, usually be greater than the pressure diop 
The rise of pressure at the end of a long transmission Ime is 
mdependent of the size and spacmg of the wires It may be 
calculated approximately as follows 
In Fig 106, the IR drop (CB) due to the chargmg current 7< 
may be neglected, as it has no appreciable effect on the pressure 
rise (Er — Vn) which, therefore, can be considered as bemg equal 
to the mduced volts DC By formula (104) the charging current 
is 

Ic = 27rfEraCm{L X lO”"® 

where Cmt is the capacity between wire and neutial plane m 
microfarads per mile, L is the length of the Ime in miles and 
Drc IS the average value of the voltage between Ime and neutral 
plane The mduced volts are 

DC = (IX) = 2TfL(E^L 
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'?\here L = the inauctance coefficient oi ’-rlf-mrluction pci 

mile see foimula 110 oi Ait Sf* anu is thewaarjc \ctliie 

ot the chaiging cm lent tvhich talK on n(»ni it^ maximum \alue 
of I at the sending end ot the line to zeir> at the leceiving end 
Substitutmg for J it^ \alue m tein> ot hnc capacity 

IX = J 2r' -£ c L L- / 10 

U‘=!ing for the quantity C L , an appioximate a\ erage \alue of 

33 ^ 00 shghtly less than tnat given b\ formula 112 

the pressure ii«?e '"conductoi to neutial of the unloaded line is 
approximately 

DC = {/A, ='£';—!")= bEr, f-L- X 10" 

This pressure iise, expressed as a peicentage of the average line 
voltage, is 

Per cent rise of pressuie 

due to permittance and = 0/-I- X 10”' 117 

mductance of line 

The ax'eiage piessuie on a long transmi^^sion line operating on 
open circuit is greater than half the sum of the sendmg-end an<i 
the recei\nng-end voltages, but the erior introduced by putting 
Era = M(En + Vr) IS vcry small, and this leads to the formula 



which gives the relation between the voltage iE) ai the receumg 
end and the voltage ( T") at the sending end of an unloaded Ime 
with a degree of accuracy sufiBcient for practical purposes 

The regulation^ on the sme-w’ave assumption, is equal 
to percentage line diop + 6jPL- X 10~^, but the last term is 
neghgible unless the distance of transmission [L) is great 

As an example of the apphcation of formula (117b the percent- 
age Ime drop m Example 24 of the precedmg chapter was 17 5 
with the specified load connected to the receiving end of the 
Ime The percentage use ot pressure at the end of the unloaded 
Ime, due to the fact that the charging current remams e\eii when 
the load is disconnected, is approximately 6 X (.60) - X (lOO)- X 
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= 2 It"), whence the legulntion is 17 5 + 2 16 = (sayj 20 
per cent 

94. Control of Voltage on Transmission Lmes — The pressure 
drop at the lecennng end ol a tiansmission hne may be compen- 
sate foi b} luising the voltage at the generating end as the load 
increa‘-cs Theie aie ob'V’ious disadvantages to such a method of 
opeiation and it is better, if possible, to legulate the voltage at 
t^ point 01 points, vheie constant piessuie is requiied This is 
e^peeiall} true of transmission lines on which there aie substa- 
tions or branch hues at intei mediate pomts 

Transfoimers, or auto-transformeis, provided with taps on the 
vmdmgs and suitable switches by which the wmding latio may 
be altered, would be economical and generally desirable if the 
adjustment of voltage v’lth variation of load could be effected 
^^athout large sudden variations of pressuie and without inter- 
ruption of the supply ciicuit A dial switch with comparatively 
few contacts may be combmed with an induction-type regulator 
by which sudden changes m the voltage may be avoided, but 
there are also on the market devices to regulate the voltage of 
transmission hnes by changing the transformer winding ratio 
without disconnecting the transfoimei from service or interrupt- 
mg the load These deuces usually involve the principle of 
transferring the load from one to another of two parallel circuits 
■v^ithm the ratio-adjusting apparatus durmg the short interval of 
time required for shifting the contact-makmg switches Care- 
full}" designed mechanism to operate the latio adjuster and open 
or close the circuit breakers m the proper sequence is a necessaiy 
feature of these devices ^ 

Voltage control is also obtainable by the induction type of 
regulator (both smgle phase and polyphase), which may be oper- 
ated by hand or automatically, and provides a smooth variation 
of voltage These regulators are connected as “ boosters'' with 
their secondary wmdmgs m senes with the hne Synchronous 
generators, either mdependently driven, or motor driven by 
power from the hne itself, may also be used as voltage boosters, 
but a further and very important means of regulatmg the voltage 
of transmission lmes is by means of any apparatus or device which 
will control the power factor of the load The manner m which 

^ A descnption of installations using the method of changmg transformer 
taps imder load for regulatmg the voltage will be found m a paper by 
H. C. Albrecht m the Jour A.I.E.E , December, 1925 
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changes of powei faetoi aAcct the \oItat;e Ui 

explained in a latei aiticle 

95 Effect of Boosting Voltage at Intervals along a Trans- 
mission Lme — If a Ions tran«mi--«j.on line *n*-ulated foi a maxi- 
mum working pressure of '^av can be \\oike<Kas a 

100,000-volt lme at all times thioush it^ entire length it "vm!! be 
more efficient than if onlv a portion o: it w \\orkmg as a 100,000- 
volt transmission vhile portion^ faitner "r<»m the generating end 
are working at sayi SO OOO volts B\ in^tallms boosters along 
the lme to mamtain the pies«uie at oi nea^ the maximum working 
value, whatevei the load may be, economies mav frequenth be 
effected It is tiue that the energy put into the line at inter- 
mediate pomts cannot be cheaper — and, indeed is usualh more 
costly — than the eneigy supplied to the line at the generating 
end, but the booster system allows of the pie^'-uie being kept 


:ooo 



' Loss in 1st Section <=> 500 Lo!»!» in 2nd Section *= 500 KYt 

Pig 107 — Method of maintaining pressure on long line 


up all along the lme, thus effectmg economy, provided always 
that the losses m the boosters themselves, their maintenance, 
and the necessaiy allowances for interest and depreciation do 
not coimterbalance the savmg 

As an example, consider a smgle-phase lme conve 3 ung a current 
of 100 amp at an imtial pressure of 20,000 volts Suppose the 
drop m pi assure m the whole length of lme to be as great as 10,000 
volts , this will leax’e onl^" 10,000 volts at the receuung end 
The power put mto the hne at the generating end = 2,000 kw 
The loss m the lme = 1,000 kw 
The power available at the recenung end = 1,000 kw. 

Hence, efficiency of line — oO per cent. 

Now imagme a booster to be mtroduced at a point haKwav 
along the lme This booster may' be considered as a suitably 
insulated alternator of 500-kw capacity, capable of generating 
100 amp at 5,000 volts, the arrangement bemg as shown m Fig 
107 The drop m the first section of the hne is, as before, 5,000 
volts, and the drop m the second section is evidently similar— 
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namelj", 5,000 volts — which mean«? that the total amount of powei 
dissipated in the hne is the same as it vas before the booster was 
mtroduced But by pro^udmg this boostei at the middle pomt 
of the line, it has been possible to laise the pressuie at this point 
up to the initial value of 20 000 volts, with the result that 15,000 
volts 1 500 kw are available at the leceiving end The addi- 
tional power available for useful purposes has, of course, cost 
something to produce but the pomt to be noted is this By keep- 
mg up the piessuie, it has been possible to tiansmit a greatei 
amount of eneigy to the recenung end of the line without iiicieas’- 
uig the in the conductors If, foi the sake of simphcity, the 
losses m the booster aie neglected, the line efficiency is ai rived 
at thus 

Power supphed to the hne = 2,000 + 500 = 2,500 kw 

Power lost m the Ime = 1,000 kw 

Power available at receiving end = 1,500 kw 

Lme efficiency = = 60 per cent 

Boosters may be ai ranged to take their powder fiom the generat- 
mg end of the line, that is to say, they may take the form of 



vanable-ratio transformers, with hand or automatic regulation, 
connected up as mdicated in Fig 108 Transformers so con- 
nected will provide the additional volts at the cost of a corre- 
sponding loss of current 

96. Control of Power Factor — ^The advantages of opeiatmg 
altematmg machmery and systems on unity power factor, when 
possible, are so well known that it will not be necessary to dis- 
cuss the matter here The lme losses alone — as shown m Art 9, 
Chap I — ^are mversely proportional to the square of the power 
factor Thus, if the total DR loss m the lme were 200 kw with 
a power factor of 0 707 (by no means an impossible figure m prac- 
tice), this loss would be reduced to 100 kw if the same total 
poiier Could be transmitted at umty power factor. 
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The control of powei factfii 1#\ balancing aii\ 

of inductile leactance conden^n#^ reactance, or ^ fj 
ith a vaijnng load at the en<i of a lor a t!an‘-rni«i«5ion line, tlie 
power factor at any gn en point on the line > contmualh changma 
even if the po\\ei factoi of the load remain'? constant and the 
most convement means of proviamg tiic leactance nece^-^ary to 
mamtam a constant and impioied factor is to m'-tall 

stmchronous machinery whicn can be made to <lrat\ leadinir or 
lagging currents from the line by o\ ei- oi under-e\citing the held 
magnets 

Beaimg in mind that po\^ei-factor control quite sl^ impor- 
tant, if not more impoitant than voltage control <o far a^ the 
losses and efficiency of transmission are concerned the arrange- 
ment shown diagrammatically m Fig 109 should be preferable to 

S*Tacbr->n — Uoo« tr **g 



Fig 109 — Control of voltage and power factor bj means of sj nf nro’^mus 

machmtrj 

the arrangements of Figs 107 and lOS Here ,6 is a si nchronous 
generator connected as a “booster ^ and p^o^nded \Mth held regu- 
lation m ordei to control the voltage It is direct coupled to the 
s^mchronous motoi M, which is provided with field regulation 
in order to control the poucr factor 

Causes and Co? rechon of Low Poue? Facto? — ^Lagging current 
components lower the power factor, and since all machinery" or 
apparatus of which the magnetic field is produced by alternating 
currents drawn from the mam system must have current compo- 
nents laggmg 90 deg behmd the impressed e m f , it follo\vs that 
every piece of apparatus of this tjpe connected to the supply 
mams tends to lower the power factor of the system 

Transformers, mduction motors, and all magnetic devices 
operated by altematmg currents draw from the system laggmg 
currents which mcrease the total current necessar}" to provide a 
given, maximum amount of power, and, further, have the objec- 
tionable characteristic of demagnetizing the fields of the a c 
generators The magnetizmg component of the total current m 
a well-designed static transformer is but a small percentage of the 
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total current but in the induction motoi the magnetizing current, 
even at full load, is appieciable, owing to the reluctance of the 
necessary air clearance between stator and rotor, which calls for 
a large number of magnetizing ampere-turns on the stator The 
wattless cuiient component in an induction motor may be between 
25 and 30 pei cent of the total curient m the stator wmdings 
The greatly mcreased d c excitation of the generators because 
of lagging current components in the system may be thought of 
as supphnng the magnetomotive foice for those machmes which 
are connected to the mams and requiie excitation, but are not 
pro^nded with d c magnetizing windings Thus, when the 
power factor of the load is low, the currents m the generator field 
wmdmgs may be considered as producmg not only the flux neces- 
sary to generate the e m f m the generator, but also as supplying 
the magnetomotive force which, by the agency of the wattless 
current, is transmitted to the machmes and apparatus which 
require excitation but are not provided with d c field wmdings 
If the mduced e m fs which pioduce laggmg current compo- 
nents are balanced by equal but opposite e m fs which tend to 
produce leadmg current components, the power factor of the 
system may be umty, notwithstandmg the low power factor of 
much of the apparatus connected to the Imes This suggests the 
use of electrostatic condensers to draw leadmg currents from the 
mams 

They may be used on small mstaUations if they can be built 
of suflEicient capacity' at a reasonable cost, but they have not the 
advantage of synchronous machmery m which the amount and 
even the direction of the “reactive’^ power drawn from the 
transmission line may be regulated by varymg the field excitation 
Synchronous motors m motor-generator sets and rotary 
converters, where a contmuous-current load is required) and 
symchronous condensers, the latter bemg merely ^^idle’^ motors, 
may all be used for power-factor correction 
It IS well known that a synchronous motor when under-excited 
wiU draw from the ac mams laggmg components of current 
which will provide the ampere-turns of excitation to mamtam the 
flux in the air gap at the required amount It, therefore, follows 
that if the d c ampere-turns are mcreased beyond what will 
produce the correct strength of field to provide the necessary back 
e m f , a leading current component will be drawn from the supply 
mams to demagnetize the field and keep it of the required strength 







A ^mall additional lU^o o t-anipeie eapaeir, vsill render any 
chronous motor available for -erwce If there are no ''Vn- 
chionous motors forming pan of load o: a power system, 
stmehronous condenser^ may be pro%nded of «:afficieiit capacity' to 
supply, with over-e\cited fields, the e m f nece'^-an- to annul the 
lagging components of current m the ^y-tem In ^uch a ca‘=;e it 
IS important to study the economies of the ‘-ituation to be ceitam 
that the expenditure on such maclnnery will be justified on eco- 
nomic grounds 

It IS not always necessary" to bnng the powder factor up to 
umtj", as a power factor m the neighrjorhood of U 0 is not usualh" 
very" objectionable The veiy" iow" power factors are, however, 
uneconomical and undesirable The rotary- converter — which is 
of course, available only- where continuous curient'* are needed — 
has a high eflB.ciency and serves admirably to correct the pow-er 
factor of the system 

A large wattless current may be needed to change the power 
factor from 0 9 to unity, but only about one-quarter of this 
amount wnU change the power factor from 0 S to 0 9 That is 
why it may not always be desiiable to aim at improMng the 
power factor beyond about 0 9 

97. Mamtammg Constant Voltage by Control of Power Factor. 
Figure 110 IS similar to the fundamental regulation diagram 
Fig 102, except that the components of the total pressure drop 
which are due, respectix ely, to the resistance and the reactance 
of the Ime have been drawn separately for the '*m-phase^’ and 
wattless” components of the total line current Thus, if En, 
and cos d stand, respectively, for the ^ star” x-oltage, the load 
current, and the power factor at the recenung end, the IR and IX 
drops due to the '‘m-phase” component (OX) of the current are 
MB and HM respectively Consider, now, a short Ime of 
neghgible capacity-, and connect at the receiving end, m parallel 
with the load of power factor cos 9, sy-nchronous reactors 
capable of providmg, by- variation of field excitation, any^ 
desired amount of ^‘wattless” current Let the vector OK 
of Fig 110 represent the amount of (leadmg) ‘‘w-attless” 
current supphed by this phase-modifyung machmery, then 
Is is the total current m the Ime, and la = XS = OK + 
is the reactive component of the Ime current. The effect of this 

^ The quantity XA = / sm being negative 'Vihen the power factor of the 
load IS lagging 
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component of the line cuirent upon the voltage regulation is 
indicated by the triangle HGD wheiem GH = Za-B is the resist- 
ance diop, and DG = JcX is the reactance diop The point D 
IS the end of the vector OD = Vn which is the requiied voltage 
at the sendmg end of the hne In order to have constant voltage 
at both ends of the line, it follows that if OB — En is the constant 
voltage (line to neutral) at the receiving end, the point D of 
the vectoi lepresentmg the voltage (hne to neutial) at the send- 
ing end, must always fall on the circle of radius OD = Fn, 
whatever may be the load connected across the hne at the receiver 
end The diagram of Fig 110 shows the relation between the 
various voltage vectoi s for a total load equal to SEnI cos d watts 



Fig 110 — Vector diagram illustrating effect of reactors m maintaining constant 

\ oltage 


The current component in phase with the voltage is ON = Ib = I 
cos and the hypotenuse HB oi the triangle BMH is the imped- 
ance drop due to this component of the total current In order 
that the point D shall fall on the circle of radius OD — Fn, it is 
necessary that a reactive component (/a) of the total current 
be provided of such a value that the impedance drop due to this 
component shall be proportional to the leng th of the v ector DH 
The impedance per conductor is Z = where B 

and X stand, respectively, for the resistance and reactance of 
one wire of the transmission hne,^ and the reactive component 

1 In preceding chapters the symbols R and X have usually stood for the 
resistance m ohms jper mile of conductor. 
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of the line carrent ma«t, theiefore, be I = 

leactive curient to be supplied h\ phase-modimnec sjuichionou^ 
reactors connected across the line at the ^eceivinsr end is OK = 
Ic ^ I sm 6 wheiem ^in ^ is / etjut \ ’when the load pot\er factoi 
IS lagging as sho\m m Fig 110 

The above explanation and diagram illustrate the principle of 
constant-voltage transmission obtained b> contiolling the power 
factor to prevent changes xH the toltace notwithstanding varia- 
tions m the load at the recen mg end of the line By draw mg the 
vector diagram of Fig 110 accuiate’^ to ^cale the length DH 
can be measured and the required kilo\olt-ampeie capacity of 
sTOchronous condenseis calculated therefiom This takes up 
ver3" little time and is generally prefeiaole to the u-^e of foimula^ 
The length DH dmded by the impedance of the conductor is the 
‘ wattless ’ component 7c of the Ime current The tf>tal kilu\ olt- 
ampere capacity of the s\Tichionous machinery necc«^ary to 
maintain constant voltage, assuming OA = I to be the maxi- 
mum amount of current lequned to supply the loud, will be 

Kilovolt-ampere capacity ^ — I sm ^ ^ 

of sjmehronous reactors 1,000 

It is necessaiw" to bear m mind that sm ^ is a negative quantity 
when the powei factor of the load (cos B) is lagging When the 
quantity as calculated by formula (119; is negatiie, this mdieates 
that a lagguig component of current must be suppbed by the 
sxmehronous reactors 

98. Circle Diagram for Constant-potential Lmes — The circle 
diagram of Fig 110, which shows the relation between voltage 
vectors, may be modified with advantage to represent cunent 
vectors For a given current component h which, w’hen multi- 
plied hy ZErj gives the true watts taken by the load on a three- 
phase transmission, it is desired to calculate the ‘"reacti\e’' 
component la of the total hne current which wull mamtam the 
condition of constant x’oltage at both ends of the line If 
the vectors of Fig 110 are di\uded by the impedance Z ^ 
the lmes BH and HD will represent the “active’' 
and “reactn^e" components of the hne current, respectively 
By turning around the diagram so that the (horizontal) axis of 
reference is the Ime BH of Fig 110 the modified circle diagram 
of Fig 111, IS obtained Note that the triangles OCP and XOM 




Fig. 111. — of current vectors for transmission at constant voltage. 


If it is desired to calculate the amount of the necessary reactive 
current component without drawing the diagram to scale, write 

/. = NS = NT - ST 

= NT - y/iCSy - (Cr)2 
= n — \/r* — (/6 — w) > 


( 123 ) 
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where n. r, and >y.: have the valuer as given abjve. and 1 = / v. 
X poffiiive value for /- indicates a kafi:hg reactive current com- 
ponent as shown in Fig. ill. 

The line current is h ~ \ -r /:* 


The line losses, in kilowatts, are- 
efficiency' is 

_ output 
' ” input 


R 

l,rK»o~' 

EJ^ 


, and the line 


or 


:? = 1 - 


EM -r -r Ir R 
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Example 26. Comtant-voUage T rammuhioii. — Assume tmns- 
mission line data as follows: 

Distance of transmission = 20 miles 
System: three-phase (three conductors) 

Frequency, / = 60 
Conductors: copper cable Xo. OCfOO 
Equivalent spacing, d = 60 in. 

Voltage at the sending end, V = 41,000 
Voltage at the receiving end, E = 40,000 
It is desired to determine (a) the kilovolt-ampere capacity of 
sjmchronous phase-modifiers at the recei\dng end to maintain 
constant voltage, and (b) the line efficiency, under the following 
load conditions, 

1. 12,000 kw. with power factor 0.S5 (jagging) 

2. 2,000 kw. with power factor 0.75 (lagging) 

These loads are supposed to include the transformers at the 
recehdng end of the line. The effect of charging current in this 
short line is small and will be neglected. The temperature of 
the line conductors is assumed to be 6S°F. 

The “star” voltages jline to neutral) are 

41.000 


At the sending end, Vn - 


= 23,700 


= 23,100 


\ 3 
40^000 

VT 

The “in-phase” component of the load current is 

12,000,000 


At the receding end, En = 


For load I, h = 3 ^ 23,100 
For load 2, h = 28.9 amp. 
‘See Art. 15, Chap. II. 


173 amp. 
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The quantities needed for the solution of equation (123j aie 
obtained as toUows 

Fiom mie table on page 81 i? = 0 272 X 20 = 5 44 ohms 
By formula ,9bj, page 244, oi chart on page 243, 

A” = 0 69 X 20 = 13 8 ohms 

Theieiore 

Z = v^lo 44)'^ “{“ 13 8 ^" = 14 82 ohms 


B\ loimula fl20), 
m - 

By formula fl21), 
n 

By formula (122), 


23,100 X 5 44 
(14 82)2 


-572 


23,100 X 13 8 
(14 82)2 


= 1,450 


(nearly) 


By formula ,123), the lequired leactive component of the Ime 
current for the load condition 1 is 

J, = 1,450 - V(iM0)^ - (173 + 572)2 = 35 amp 


which being positive, is a leading reactive current component 
The laggmg) reactive current component of the load is 

I sm 0 — I cos 6 X tan $ = h tan 6 = 173 (—0 62) 

= “107 amp (approximately) 


Therefore, by formula (119), the necessary kilovolt-ampere 
output of the synchronous reactors, connected in parallel with the 
load IS 


3 X 23,100(35 + 107) 

1,000 


= 9,850 kv -a (leadmg) 


By formula il24j, the Ime efficiency is 

1 - [(35)2 + (173)2]5 44 ^ 

23,100 X 173 + [(35)2 + (i 73 ) 2]5 44 

For the load condition 2, 

Ic = 1,450 - V(l, 600)2 - (28 9 + 572)2 

= —31 amp (a lagging reactive cuirent component) 

Proceedmg in the same manner as when calculating the condi- 
tions for load 1 , 
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Reacti\e kilo'io^t-aiiipeie- to be pio\i<b**i 
by s\Tichronou^ leactor- 


= oM)k\ -a 


Line effic.cric*\ = i) 9s5b 


hiZ’X \L 


In the'^e calculation^ the power m the pha'?e-mo<llf^ln^^ 
machines have been neglected The e^cTnev ot synchronous 
condensers is high, the lo--es being usuady below I pei cent of 
the kilovolt-ampere latmg for large unit- of about 2,0<J0 k\ -a 
size mcreasmg to 5 pei cent for 1 (XHj kv -a units and b per cent 
for 500 kv -a umts 

It may be well to pomt out that E\ample 20 ^erv^es merety 
to illustrate how the required kilovolt-ampcie capacity of syn- 
chronous reactors may be calculated, but whethni or not it 
would pay to install such machinery lather tnan a^e other means 
of mamtammg constant voltage at the lecemng end of this shoit 
Ime IS an economic problem which can be sohed without much 
difficulty if the annual costs — not only of the nece«-ai\ apparatus 
or machmeiy’', but also of the power wasted in the transmissKm 
line and regulatmg deduces — are known 

When makmg calculations for longei transmission Imets m 
which the electrostatic capacity between conductoia is not negligi- 
ble, it is obvious that, smee the chargmg current due to the 
capacity of the Ime is a leadmg reactive component of the total 
current, less leadmg current will have to be pro\’ided by the 
power-factor-correctmg machmery The problem is essentially 
similar to the one solved m the preceding numeiical example, 
but the voltage, current, and power factor at the pomt where the 
s3Tichronous condensers are to be mstalled must first be detei- 
mmed as explamed in Art 91, Chap IX and the additional 
leactive component of current (whether leadmg or lagging) 
lequired to mamtam constant voltage at the sendmg enil of the 
section must then be calculated 

B3" mstallmg s^mchronous reactors of the lequiied kilovolt- 
ampere capacity at mtervals of about 100 miles on a long trans- 
mission Ime, it is possible to opeiate the entire Ime at piacticallj- 
uniform voltage legardless of the amount and power factor of the 
load 

When a demand for power exists at mtermediate points on the 
Ime it IS often possible to mstall synchronous motors which 
be used to control the power factor {^and voltage) , but at the end 
of the hne, synchronous reactors are usually" preferable 
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In the ca^e of tie lines mtei connecting generating stations, the 
\oltage IS usually appioximately the same at both ends, and the 
synchronous condensers, by controUmg the power factor at one 
end of the Ime, serv^e to distribute the load m any desired manner 
between the tt\o stations 

The importance of voltage regulation by the aid of synchronous 
machmery- t\hich alters the powei factor accordmg to the load 
should not be over-emphasized, and alternative methods should 
always be considered and costs compaied, but the use of synchro- 
nous reactois properly^ located and operated, may effect great 
sa\'ings on large high-voltage a c systems, as their extensive 
use on the Imes of the Southern California Edison Company’- 
seems to mdicate It should not be overlooked that the synchro- 
nous machmery needs only^ to take caie of the changes which 
occur between minimum load and maximum load conditions 
An appreciable voltage drop m transmission at hght loads, when 
the power factor is usually low because of the relatively greatei 
importance of transformer excitmg current components, tends 
to reduce the diffeience between the full-load and the hght-load 
drop of pressure which has to be taken care of by the voltage- 
regulatmg devices 

99. Electrical Calculations for Long Transmission Lmes — 
In Art 91, Chap IX, formulas were developed for calculatmg 
the conditions at the sendmg end of a tiansimssion Ime in terms 
of the conditions at the receiving end, on the assumption that the 
whole of the hne capacity was shunted across the load It was 
further shown, by dmdmg a long hne mto a number of sections, 
each with a condenser of proportionately smaller capacity con- 
nected across the recei^nng end of the section, how the conditions 
at the sendmg end of the hne could leaddy be calculated with an 
accuracy sufficient for practical purposes It is necessary merely 
to consider the number of such sections to be mcreased without 
limit, m order to derive formulas which represent exactly the 
conditions m a long transmission hne with constant resistance, 
mductance, and capacity per umt length of the hne 

The diagram Fig 112 represents a smgle wire of a long trans- 
mission hne m connection with which the constants and other 
quantities are defined as follows 

En ~ voltage (Inie to neutral) at the receiving end 

Fn = voltage (hne to neutral) at the sendmg end 
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E = voltage Lne to jt^a* at anr pnmT P Situated 7 iua< s 
from tne recei\ing eiai 
1 = amperes of cuirent at the point P 
I. = amperes of cuiient per conaucror at thf' rt<*eiving end 
la = amperes of cuirent per condarto^ at the --endmtr en<l 
R = resistance per mile of conductor ohm^ 

X = reactance pei mile ot conductoi r*hin« 

Z = impedance per mile of conductor onm« , Z = i? -4- jA" 
G = shunted leakage conductance ane to neutral i per 
mile (mhos;^ being the * actne ’ component of the 
admittance 

B — shunted capacity susceptance line to neutral, per 
mile rmhos», being the react '\e fonioonent of the 
admittance 

F = shunted admittance Ime to neutral per mile -mhos'*, 

F = ff + 

L = length of transmission line * mile< / 
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Fig 112 — Diagram representmg single conductor of long transmission lire 

At any point P on the line at a distance I from the receiving end 
consider an element of length dl The difference in potential 
between the two ends of this section is 

dE = IZdl 

■whence 

= IZ (125) 

dl 

m which Z IS a constant 
The change m the current is 

dl - EYdl 

whence 

^ = EY (126) 

at 

^ This IS the conductance of the current paths over insulator surfaces an*! 
also through the air \%hen the \oltage is so high that the losses due to coroiia 
are appreciable These current losses are veiy- small on practical hnes under 
normal working conditions, and may usually be neglected 
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In the case of tie lines interconnecting generating stations, the 
voltage is usually approximately the same at both ends, and the 
synchronous condensers, by controlling the power factor at one 
end of the line, serve to distribute the load m any desired manner 
between the two stations 

The importance of voltage regulation by the aid of synchronous 
machmery which alters the power factor according to the load 
should not be over-emphasized, and alternative methods should 
always be considered and costs compared, but the use of synchro- 
nous reactors properly located and operated, may effect great 
savings on large high-voltage a c systems, as their extensive 
use on the hnes of the Southern California Edison Company 
seems to mdicate It should not be overlooked that the S5mchro- 
nous machmery needs only to take care of the changes which 
occur between minimum load and maximum load conditions 
An appreciable voltage drop m transmission at hght loads, when 
the power factor is usually low because of the relatively greater 
importance of transformer excitmg current components, tends 
to reduce the difference between the full-load and the light-load 
drop of pressure which has to be taken care of by the voltage- 
regulatmg devices 

99 Electncal Calculations for Long Transmission Lines — 
In Art 91, Chap IX, formulas were developed for calculating 
the conditions at the sendmg end of a transmission Ime m terms 
of the conditions at the receiving end, on the assumption that the 
whole of the Ime capacity was shunted across the load It was 
further shown, by dmdmg a long Ime into a number of sections, 
each with a condenser of proportionately smaller capacity con- 
nected across the receivmg end of the section, how the conditions 
at the sendmg end of the Ime could readily be calculated with an 
accuracy sufficient for practical purposes It is necessary merely 
to consider the number of such sections to be increased without 
limit, in order to derive formulas which represent exactly the 
conditions m a long transmission Ime with constant resistance, 
inductance, and capacity per umt length of the Ime 

The diagram Fig 112 represents a single wire of a long trans- 
mission hne m connection with which the constants and other 
quantities are defined as follows 

En == voltage (hne to neutral) at the receiving end 

Vn = voltage (hne to neutral) at the sendmg end 
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E = voltage (line to neutral) at any point P situated I miles 
from the receivmg end 
I = amperes of current at the pomt P 
Ir = amperes of current per conductor at the receiving end 
Is = amperes of current per conductor at the sendmg end 
B = resistance per mile of conductor (ohms) 

X = reactance per mile of conductor (ohms) 

Z = impedance per mile of conductor (ohms), Z = 22 + jX 
O = shunted leakage conductance (Ime to neutral) per 
mile (mhos)^ bemg the ''active’^ component of the 
admittance 

B = shunted capacity susceptance (hne to neutral) per 
mile (mhos), bemg the “reactive'^ component of the 
admittance 

Y == shunted admittance (Ime to neutral) per mile (mhos), 
Y=G+3B 

L = length of transmission Ime (miles) 


! Is 




Vn 


E\ 


Load per 
Fhase 


- Neutral Plane “ ~ 

Fig 112 — Diagram representmg single conductor of long transmission line 


At any pomt P on the Ime at a distance I from the receivmg end, 
consider an element of length dl The difference m potential 
between the two ends of this section is 

dE = iZdl 

whence 

^ = tZ ( 125 ) 

at 

m which Z IS a constant 
The change m the current is 

dl = EYdl 

whence 

^=EY ( 126 ) 

at 

1 This IS the conductance of the current paths over insulator surfaces and 
also through the air when the voltage is so high that the losses due to corona 
are appreciable These current losses are very small on practical lines under 
normal working condillons, and may usually be neglected 
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m which 7 IS a constant Differentiating with respect to 

m _y^ 

dP dl 


Substituting (125) in (127), 

d^I 


= iYZ)I 


I, 

(127) 

(128) 


Proceeding in a similar manner for change of voltage, the 
correspondmg differential equation is found to be 

^ = (.YZ)E (129) 

These are the two fundamental equations for long transnaission 
lines with uniformly distributed resistance, inductance, capacity, 
and leakage The solution of equation (128) or (129) is given in 
any book on differential equations, and also m several textbooks 
on the theory of alternating currents ^ The following forms of 
the solution are convenient in connection with power transmis- 
sion hne calculations When the voltage and current conditions 
at the receiving end are known 

7„ = E„ cosh LVYZ + sinh LVYZ (130) 

I. = Ir cosh LVYZ + E,,^ smh WYZ (131) 

When the assumed or known conditions are at the sending end 
of the hne, the equations take the form 

En = F„ cosh LVYZ - smh LVYZ (132) 

ir = 7. cosh LVYZ - Vn^ smh LVYZ (133) 

Although these formulas are simple in appearance, it should be 
noted that Y and Z are complex quantities with both real and 
imagmary components, and the hyperbohc sines and cosmes m 
the formulas cannot be read directly from tables of hyperbolic 
functions The followmg article will explam how these equations 
may be solved, both with and without the aid of tables of hyper- 

iSee MAQimssoN, C E “Alternating Currents,'" McGraw-HiU Book 
Company, Inc ; also Pbrnot, F E , “Electrical Phenomena m Parallel 
Conductors," John Wiley & Sons, Inc , and Steinmbtz, C P , “Transient 
Phenomena," McGraw-Hill Book Company, Inc 



LOXG TRANSMISSIOX LINES 


280 


boKc functions, but if the reader has any difficulty in using the 
so-called exact formulas for determining the conditions at one 
end of a transmission Ime m terms of the given or assumed condi- 
tions at the other end, he should use the method of Art 91, Chap 
IX, which, as previously mentioned, gives results of which the 
accuracy is qmte sufficient for practical purposes 

100. Solution of Exact Equations for Long Lines. Transforma- 
tion Formulas. — Hyperbohc smes or cosmes may be expressed m 
exponential form, or m the form of a convergent senes. Thus 


sinh u = — €”“) 

cosh u = ^(€“ + e““) 


But 

whence 






*“ = l + «+f2 + I%-3 + li3i + 

4/3 4/6 4/7 

sm]iM = ti + |+ |+ | + 




u* , u° 


cosh M = l + iJr + rr+lA + 

If. li li 


(134) 

(135) 

(136) 

(137) 


By using the s3rmbols K Kb, and Kc for the three constants m 
equations (130) to (133), and making the proper substitutions, 


Ka = cosh. L-\/YZ = 1 


(L^YZ) 

2 


iL^YZy 

24 

(L^YZ)^ 

720 


(138) 


Kb 


sinh LVYZ =LZ[i 


(L^YZ) {L^YZy 
6 120 
{L^YZy ] 

5,040 J 


(139) 


Ka 



saihLVYZ = LY[i + 


(L^YZ) , (L^YZ)^ 
6 120 
{L^YZy . 

5,040 


(140) 


The numencal values of these expressions for the constants Ka, 
Kb, and Ka could easily be calculated either by refermg to 
tables of exponentials or hyperbohc functions, or by using the 
convergent senes and includmg as many terms as might be 
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roQuirod-j *if ^ o/fid/ Z w&rc sfiw/pltC Tiv/nibcTs But, in Si c tmnsmis- 
sion problems, both Y and Z are complex quantities, a fact which 
adds considerably to the labor of solvmg problems by means of 
the formulas (130) to (133) 

Hyperbohc Functions of Complex Quantities — Smce Y and Z are 
vector quantities, they may be expressed by complex numbers 
Thus, the quantity Lv'^YZ, which is known as the propagation 
constant or attenuation factor of the line, may be written 


LVYZ = LV(G+jBXR+ jX) (141) 

and which is known as the surge impedance of the line, may 


be written 


4 


'^ = V{R+jX) -{O+jB) 


(142) 


The square loot of the product of two vector quantities is also 
a vector quantity, and it will be necessary, therefore, to obtam 
the hyperbohc sme and cosme of a vector quantity which may be 
expressed either in terms of rectangular coordmates as {u + p) 
or m terms of polar coordmates as r/dj where r is the length or 
size of the vector and d is the angle between the vector and 
the axis of reference, bemg frequently referred to as the slope 
of the vector. (In order to convert degrees mto radians, multiply 
by TT and divide by 180 ) 

Although tables of complex hyperbolic functions are available,^ 
they should preferably be used only by those who have a thorough 
understanding of their mathematical basis and are familiar with 
their use Moreover, smce an enormous number of values would 
have to be mcluded m order to cover aU possible combmations 
of the components u and v m the expression {u + jv), it is usually 
necessary to resort to mterpolation which is not only tedious, 
but likely to mtroduce errors when attempted by those who 
have not thoroughly familiarized themselves with the methods 
by constant use of the tables 

Smce any one accustomed to the ordmary trigonometnc 
tables can also use tables of hyperbohc functions of simple 


^ KjENNEiJiT, A E , ‘‘Tables of Complex Hyperbohc and Circular Func- 
tions,” Harvard University Press, also Cohen's “Formulae and Tables 
for the Calculation of Altematmg Current Problems,” (Table XX), McGraw- 
HiU Book Company, Inc This table is taken from Millbb, W E , “ Trans- 
missiou Lme Problems,” Gm Eke Rev , Supplement^ May, 1910 
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numbers/ it is generally advisable to express the hyperbolic 
smes and cosines of complex quantities m the followmg forms 
sinh (u + jv) = sinh u cos v + j cosh u sin v 1 
cosh (u + jv) = cosh u cos v i, j sinb u sm v f ^ 

Before lUustratmg the use of the exact formulas for trans- 
mission Imes by means of numerical examples, a few words about 
the handlmg of vector quantities (includmg j terms) may not be 
out of place A term preceded by the symbol j is a vector com- 
ponent at right angles to the axis of reference, te , to the '"rear" 
component of the complex quantity When addmg or subtract- 
mg vector quantities, it is necessary, therefore, to keep ^'real'^ 




Fig 113 — Two vector quantities in the same plane 

terms and ''imagmary'^ or j terms separate Thus, the summa- 
tion of the two vector quatities of Fig 1 13 is earned out as follows 

Vi = +ai + j&i 

+F 2 = "t-dz + J&2 

sum iVi + F 2 ) = (ai + a 2 ) + j(&i + h^) 

The simple rules of algebra apply to the multiphcation and 
division of vector quantities, beanng in mind that j = -nZ—I 
For performing these operations, however, it is generally pref- 
erable to express the vector quantities in polar coordmates 
Thus, the size of the vector V 1 is the length OPi = -{- 6/, and 

its slope is 61 — tan"^ whence, in polar form, 

7i = V^/±^ 

^ A table of real hyperbolic functions — ^that is to say, functions m which 
the component ^ m the complex quantity {u +3v) is equal to zero — 
IS mcluded m Kbnnblly’s “Tables of Complex Hyperbohe and Circular 
Functions ” A very complete table of the logarithms of real h3q>erbohc 
functions is mcluded m Pbenot's “Electrical Phenomena m Parallel 
Conductors ” Values and loganthms of hyperbohe functions are given m 
“Logarithmic and Tngonometnc Tables,” The Macmillan Company. 
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electric power transmission 


V 2 - V 2/12 

To obtain the product of one plane vector by another, multiply 
their sizes and add their slopes Thus, the product of Vi and F 2 , 
expressed in polar coordinates, is 

(Vi X V^ /6i + ^2 
where Fi = V" ai^ + hi^ 

and F 2 = 

Applying this rule to the process of involution, 

(Fi F2)" = (Fi X + ^ 2 ) 

To divide one vector by another, divide their sizes and subtract 
their slopes Thus, the ratio of Fi to F 2 , expressed in polai coordi- 
nates, IS 

Example 27 Electrical Calculations Using Formulas Betted on 
Uniformly Distributed Capacity — ^It is proposed to use the same 
data as m Example 24, Chap IX, in order that the results 
obtamed by using the exact formulas may be compared with the 
results of calculations based on the assumption of the total hne 
capacity concentrated at a point midway between the sending 
and the receiving ends of the transmission hne The known 
quantities are 

Three-phase transmission at 60 cycles, / = 60 

Length of hne, L = 100 miles. 

Load = 22,000 kv -a 

En = 50,810 volts (wire to neutral the receiving end) 

It = 144 5 amp (current per conductor at the receiving end) 
cos ^ = 0 8 laggmg (power factor of load) 

jB = 0 272 ohm 'i 

X = 0.762 ohm ^ per mile of single conductor 

= 5 6 X 10*~® mhos J 

In order to calculate the sending-end voltage (V^n) and current 
(/«), use the formulas (130) and (131) which may be written 

Fn = KjJEn "f" XbIt (130a) 

/« = KaIt + KcEn (131a) 


and 
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where Ka, Kb, and Kc are complex quantities of which the 
values are given by formulas (138), (139), and (140). It will, 
therefore, be necessary to calculate the Ime impiedance Z, the 
shunted admittance Y, and the product YZ The impedance 
m ohms per mile is 

Z = B+3X 
= 0 272 + jO 762 

which, in terms of polar coordinates becomes 

Z = V(0 272)2 + (0 762)2 y^tan-i 

= 0 80 9/70*^ 20^ (a) 

The shunted admittance m mhos per mile is 
Y = G+jB 

but smce the leakage conductance G is so small as to be neghgible, 
put G = 0, whence 

7 = 0 = +j56 X 10-® 

In terms of polar coordmates, 

7 = 5 6 X 10-«[^ (6) 

The product of (a) and (b) is 

77 = (0 809 X 6 6 X 10-° )/70° 20' + 90° 

=4 53 X 10- %160° 20' (c) 

The propagation constant of the hne is 

L\/77 = 100V4 53 X 10-VM(160“ 20') 

= 0 21 3/80° 10' (d) 

which, m complex notation becomes 

LVYZ = 0 213 cos 80° 10' + jO 213 sm 80° 10' 

= 0 0364 +j0 21 (e) 

The surge impedance is 

/7 _ 10 80 9/70° 20' 

^lY ~ -^5 6 X 10-'>[^ 

= yjO 1445 X 10«\19° 40' 

= 380\9° 50' (/) 

Usmg the formulas (143) to calculate the hyperbolic sme and 
cosme of Ls/YZ 

Ka = cosh LVYZ = cosh (0 0364 + jO 21) 

= (cosh 0 0364) (cos 0 21) + j(sinh 0,0364)(sm 0 21) 
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0 21 V ISO 

Note that 0 21 radian = = 12° 

whence = (1 0007 X 0 978) + 1(0 0364 X 0 208) 

= 0 979 +j0 00757 (g) 

= 0 97 9/0° 27^ 

Similarly, 

smh Ly/YZ = (sinh 0 0346) (cos 0 21) +j(cosh 0 0364) (sm 0 21) 
= 0 0356 + jQ 208 


= 0 211/80° 17' 

Qi) 

whence, by formula (139), 


Kb = (380 X 0 211)/ -9° 50' + 80° 17' 


= 80 2/70° 27' 

W 

Also, smce ^ ^ 

yjz fz 

\Y 


hv formula rU0l.;r. = 0211/80117: 


380\9° 50' 


= 0 000555 \90° 7' 

0) 


Solving for the vectors y„ and 7« by formulas (130a), and (131o), 
and using the direction of the vector En as the axis of reference, 
En = 50,81 0/0° 0' 

and 

Jr = 144 5/cos~^ 0 8 laggmg 
= 144 5\36° 53' 

whence, by (130a), 

= [(0 979 X 50,810)/0° 27'] + [(80 2 X 144 5) 

/70° 27' - 36° 53" 

= 49,70 0/0° 27' + 11,58 0/33° 34' 

= [49,700 cos 0° 27' + 11,580 cos 33° 34'] +j[49,700 sm 

0° 27' + 11,580 sm 33° 34'] 

= 59,350 + j6,810 

The angle (“slope”) of the vector V„ is tan~‘ = 6° 33] 

in advance of the receivmg-end voltage En 

The length (“size”) of is 59,350 + = 

^ X oy,oou 

59,740 volts^ (k) 

^ Calculated by the convenient approximate formula for solvmg \/ a* + 
when h us small m relation to a See footnote on p 89 
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The current m the line at sending end, by formula (131a), is 
7. = [(0 979 X 144 5)i0'’ 27 - 36“ 53] + [(0 000555 X 

50,810) 190° 7' ] 

= 114 — j55 9 

— Q 

The “slope” of the vector 7, is tan“* = 26° 6' lagging 

behmd the receivmg-end voltage 

114 

The “ size ” of the vector 7, is Kss-^r — 127 amp 

COS Zo u 

The relative positions of the vectors representing sendmg-end 
and receiving-end conditions are shown in the diagram Fig 114, 



from which it is seen that the power factor at the sendmg end of 
the Ime s 

cos da = cos (6® 33' + 26® 6') = 0 842 (laggmg) (Z) 

The Ime losses will be the (Mference between the power put in 
at the sendmg end and the power taken out at the receivmg end, 
thus, 

Kilowatts per phase at the sendmg end = 

VJs cos da = 59 74 X 127 X 0 842 = 6,380 

Kilowatts per phase of the receivmg end = 

EJr cos 0 = 50 81X 144 5 X 0 8 = 5,870 
Difference = PR loss per conductor = 510 kw 

whence the total full-load transnussion losses are 

510 X 3 = 1530 kw. W 

The Ime drop per phase is 
59,740 - 50,810 ^ 8,930 volts, or 17 55 per cent of 

the receivmg-end voltage (n) 
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Comparing the lesults as given by {k), {1), (m), and {n) with the 
solutions obtained by the approximate method of Example 24, it 
IS seen that there is no appreciable difference m the sendmg-end 
voltage and, therefore, m the percentage hne drop The actual 
hne losses are 1 8 per cent greater than as mdicated by the approx- 
imate calculations, but both methods of calculation give practi- 
cally the same value for the power factor at the sending end of 
the line This close agreement between the two methods of 
calculation was to be expected smce, as previously mentioned, the 
use of the “ exact ” hyperbohc or equivalent formulas is an unneces- 
sary refinement except m the case of very long transnussion hnes 
Example 28 Calculation of Constants Ki, Kb, and Kc without 
Reference to Tables of Hyperbolic Functions — ^By usmg two or 
more of the terms m the convergent senes, the constants as given 
by formulas (138), (139), and (140) may be calculated without 
usmg tables of h 3 q)erbohc functions As an example, calculate 
Kb, usmg the data of the precedmg Example 27 
By formula (139), 


The length of the transmission Ime is L = 100, whence 
from (a) of Example 27, LZ = 80 9 20 ' 
from (c) of Example 27, LWZ = 0 0453 \160° 20^ 

Computing first the quantity m brackets by which the impedance 
LZ has to be multiphed 
First term 

(expressed m complex notation) 

Second term 
7 ^Y7 

= 0 00755 \160°20' 


= -f 1 00000 -f 30 00000 
= -0 00711 + jO 00254 


Third term 
(L*FZ)* _ (0 0453)2 
120 120 


^2(160° 200 


= 0 000017l\39‘’ 20' 
Total 


= +0 00001 - 30 00001 
= -fO 9929 -t- 3 O 00253 


The “slope” of this vector quantity is 


tan~’ 


253 

99,290 


= 0 ° 8 ' 
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and since the ‘^size^’ of this vector is approximately the sanae as 
the “rear component, 

= (80 9 X 0 993 )y70° 20^ + 0° 8^ 

= 80 3 /70^ 28^ 

which checks as closely with the value calculated by the hyper- 
bohc formulas as should be expected, seemg that the multiphca- 
tions and divisions have been made on a 10-m shde rule It 
will be seen that the third term, mvolvmg the squa 7 e of (YZ) is 
neghgible, although it is usually desirable to mclude this term 
when making calculations on hnes of 200 miles or more m length 
Only m very rare mstances is it necessary to mclude the fourth 
term, mvolvmg the cube of (YZ), and then only when calculatmg 
the constant Ka (formula (138)) for which the series converges 
less rapidly than for the other two constants 
Example 29 Open-circmt Conditions on Long Transmission 
Line — Given a 60-cycle three-phase transmission hne 300 miles 
long consistmg of three copper conductors of 500,000 circular 
mils cross-section, with equivalent spacmg of 16 ft and a pressure 
of 88,000 volts between wire and neutral at sendmg end of Ime; 
calculate 

1 The voltage (hne to neutral) at the receivmg end, under 
open-circuit conditions 

2 The current per wire at sendmg end of Ime 

3 The losses per conductor 
The known quantities are 

Conductors, 500,000 circular mils stranded copper 
Spacmg, d = 16 ft = 192 m 
Length of Ime, L = 300 miles 
Frequency, / = 60 

From table on page 81, the diameter of the conductors is found 
to be 2r = 0 813 m , and the resistance of one conductor is 
(RL) = 0 115 X 300 == 34 5 ohms 
16 

From chart on page 243, for a' = ^ g^ g and/ = 60, 

(XL) = 233 ohms 

By formula (109) the capacity (we to neutral) is 
^ .^ 1 Q 9 = 0 0145 mf per mile. 
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whence the capacity suseeptance (one conductor to neutral) is 
(BL) = 2t X 60 X 0 0145 X 10"® X 300 = 1 641 X lO'® mho 
Refernng to the formulas (130) and (131), and puttmg Zr = 0 
because the circuit is open at the receivmg end, 


" coshLVl"^ 

and 

is = En ^ sinh VYZ 


The calculation of the required Ime constants is carried out as 
explained in Examples 27 and 28, either with the aid of tables of 
hyperbohc functions or by using the convergent series, the results 
are given below 


The attenuation factor, L y/YZ = 0 04624 + jO 6195 
cosh L VYZ = 0 815 + jO 027 
smh L = 0 037 + jO 681 
= 0 58 2/86° 21' 


The surge admittance 


is the reciprocal of the surge imped- 


ance and may, if desired, be written 




1 

378 - j27 6 
1 

379\4° 10' 


As an illustration of how the division of complex numbers 
may be earned out without first convertmg numerator and 
denominator mto polar form, 

P _ Vn _ 88,000 -f-jO 000 
coshLvTZ 0 815-fj0 027 


In order to ehmmate the j term from the denommator, multi- 
ply both numerator and denommator by 0 815 — jO 027, thus 




71,700 - j2,380 
(0 815)* -1- (0 027)* 


= 107,600 - j3,570 


which, m polar form, becomes 

E„ = 107,700 \l° 54' (lagging behmd Fn) 
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The charging current at the generating end is 
it = En sinh L ■\/YZ 

4 

_ (107,700 \1° 540(0 582 /86°2r) 

379\4° 10' 

= 165 /'88° 3r (Ieading 

The power factor at the sending end of line is cos = cos 88® 
37' = 0 2414, and the line losses per conductor are, therefore, 
88 X 165 X 0 2414 = 350 kw 

101. Approximate Formulas for Calculating Open-circuit 
Conditions on Long Lmes. — In Art 93, the relation between 
sending-end and receivmg-end voltage was calculated on the 
assumption that the drop of pressure due to conductor resistance 
IS neghgible, and that the rise of voltage due to e m f mduced by 
the capacity current is directly proportional to the distance from 
the sendmg end With the further assumption that the flux of 
mduction mside the material of the conductor is neghgible m 
comparison with the magnetic flux which surrounds the conductor, 
the receiving-end voltage was found to be 



(118) 


where En and Vn are the voltages (hne to neutral) at the receivmg 
and the sendmg ends, respectively,/ is the frequency, and L is the 
length of the hne m miles 

Amperes of Charging Current at the Sending End — The rise of 
voltage from Vn to En is generally as mdicated on Fig 115, and 
the current 7« at the sendmg end of the hne is the product of BL 
and the average voltage, which would be y^{Vn + -En) if the dotted 
straight hne were the correct representation of the voltage changes 
along the Ime, but it is actually more nearly equal to 3^(Fn + 
2En) Thus 

I. = g (Vn + 2En) (BL) amp (144) 


which IS the approximate value of the chargmg current at the 
sending end of the hne, on the assumption of a sme wave of e nitf. 
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Losses Due to Charging Current — The PR losses, in watts per 
conductor, due to the charging current m a line which is open 
at the receiving end, are equal to the average value of the square 
of the chaiging cm rent multiphed by the line resistance If the 
voltage were constant at all points of the transmission line, 
the charging current would decrease m direct proportion to the 
distance from the sending end Thus, at a distance x miles from 

the receiving end, the current would be Is ^ and the average value 

of the square of the charging curient would be 



Actually, the current falls off generally as indicated in Fig 115, 
and the average value of the square of the current will be some- 



Fig 115 — Distribution of voltage and charging current on long transmission 
Ime (open-circuit conditions) 


what greater than one-third of the square of Is as calculated by 

y Ajp 

formula (144) By usmg the quantity — - — = as an approxi- 

o 

mation for the square root of the average square of the voltage, 
the foUowmg result is obtained for the approxiruate I^R loss, m 
kilowatts per conductor of an open-circuited transmission hne, 


Kilowatt loss _ BL r/7» +4£^»\p,- 
per conductor 3,000 L\ 5 


(145) 


The approximate formulas (118), (144), and (146) will yield 
results of an accuracy sufficient for practical purposes in calculat- 
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mg the effects of capacity on lines up to 400 miles in length, which 
IS considerably longer than a single section, without branches or 
tappmgs, of any high-tension hne now m operation or hkely to 
be erected m the near future 

Example 30 Application of Approximate Formulas to Cal- 
culation of Open-ciicmt Conditions on Long High-voltage Lines — 
Given the following particulars relatmg to a three-phase high- 
voltage transmission/ calculate (a) the voltage at the sendmg 
end, (b) the current at the sendmg end, and (c) the PR loss per 
conductor due to the charging current 
Length of hne, L = 400 miles 
Conductors, 636,000 circular mils stranded aluminum 
Equivalent spacing, d = 17 ft 
Resistance per conductor, RL = 58 8 ohms 
Capacity susceptance (conductor to neutral) BL = 2 212 X 
10“® mhos 

Pressure, hne to neutral, at the receivmg end, En = 80,830 


volts 


Frequency, / = 60 
Calculations 


By (118), 

Vn = 

By (144), 

Is = 

By (145), Kw = 


V =; q/ 60 X 400 \^ _ Q 

^uoo,oooy 100,000 / ^ 

^ ® 173\ ««« _ „ 


57,000 + 2(80,830) 
3,000 


X 2 212 = 161 amp 


^ -rr 58 8 r/57,000 + 4(80, 830)^ 2 21212 

By(145),Kw = pooK"^ 5 ) 


(a) 

(b) 

(c) 


The solutions as worked out by the “exact” method, usmg 
the hyperbolic formulas are 

(a) Vn = 64,494 volts 

(b) Is = 158 3 amp 

(c) loss = 545 8 kw per conductor 

With shorter hues, the errors mtroduced by using the approxi- 
mate formulas become smaller F or the 300-mile hne of Example 
29, the results as calculated by the approximate formulas are 
E„ = 107,000, Is = 165, kilowatts per conductor = 330 With 


iData and exact solutions of problem are taken from Nesbit’s, 
“Electrical Charactenstios of Transmission Oircmts,” Westmghouse 
Electnc and Manufacturing Company 
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the aid of a shde rule, all thiee calculations can be made withm a 
quarter of an hour, and the results do not differ appreciably from 
those obtamed by usmg the hyperbolic formulas The solutions 
as worked out m Example 29 are En = 107,700, = 165, 

kilowatts per conductor = 350 

The engmeer who has a problem to solve is mterested in getting 
results with a reasonable degree of accuracy in the shortest 
possible time and by using the simplest methods available to 
accomphsh his purpose The mathematician is mterested m 
obtammg exact solutions to problems m connection with which 
he has usually been compelled to make sundry assumptions which 
may or may not mvahdate the practical value of the exact'' 
solutions he obtams In the hands of the mathematician, the 
hyperbohc transmission Ime formulas furmsh an elegant and 
almost perfect means of predetermmmg the electrical conditions 
in circmts consistmg of long parallel wires, and there are many 
problems which cannot properly be solved by other methods 
The engmeer who is famihar with the meaning and use of the 
hyperbohc formulas may prefer to use them m determining the 
pressure, current, and power factor under various assumed load 
conditions m hue sections over 2D0 miles long, but, generally 
speakmg, he is wastmg time An engmeer who is not famihar 
with the meanmg and use of the hyperbolic formulas should most 
decidedly avoid them, not merely because of the labor mvolved, 
but also because of the greater probabihty of errors The mam 
reason why the apphcation of the hyperbohc formulas is tedious 
and apt to mtroduce errors is the lack of complete tables givmg 
values for the attenuation factor, surge impedance, and hyper- 
bohc functions of complex numbers without the necessity of 
interpolation It is true that a great many graphical methods 
are available, but unless curves and charts are used constantly, 
they will not appreciably shorten the time required for the 
computations 

Whether or not the exact'' or approximate methods of cal- 
culation are used, the assumption of a sme wave of e m f is 
generally made, and smce the actual e m f wave will usually cause 
the value of the chargmg current to be from 5 to 15 per cent 
greater than if both e m f and current were smusoidal, the practi- 
cal advantage, if any, of carrying out the calculations by the 

exact" method to mclude five or six sigmficant figures is not 
obvious If mathematical refinements, purportmg to give 
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results with an error not exceeding a small fraction of 1 per cent, 
are to be used, all known conditions likely to affect the results 
should be taken mto account Yet it is customary to assume the 
amount of the leakage currents between wires to be zero, not only 
because this is much smaller than the chargmg current, but also 
because it is difficult to estimate Leakage through corona 
depends to some extent upon weather conditions and to a very 
large extent upon the voltage, while leakage over msulators vanes 
between wide hrmts accordmg to the surface condition of the 
porcelam It is paitly because the so-caUed exact formulas 
cannot take account of these variations that it is customary to 
assume the entire absence of leakage currents 

This book IS written for engmeers, that is to say for those who 
have developed or who are developmg what is known as “engi- 
neermg judgment,” and this mcludes a knowledge of the degree 
of accuracy which is desirable m engmeermg calculations, or the 
relation between the probable error due to the method of calcu- 
lation and the probable maccuracy of the given or assumed data 
upon which the calculations are based The engmeer who is 
without the mathematical knowledge and practice which would 
enable him to use hyperbolic formulas for long hues advanta- 
geously need not despair of bemg able to design an entirely satis- 
factory high-voltage transmission line and to predetermine its 
performance under normal operatmg conditions with the needful 
degree of accuracy 

102. Circle Diagram for Constant-potential Transmission 
Taking Account of Distributed Capacity. — In Art 98, the circle 
diagram (Fig 111) was developed It gives the relation between 
current (or power) vectors necessary to mamtain constant 
voltage at both ends of a Ime when the effects of the chargmg 
current are so small as to be neghgible Following the same 
method as m Art* 98, circle diagrams for long hues, based upon 
the “exact” hyperbohc formulas, may be drawn, and these are 
often useful smce it is easy to read from them the reactive amperes 
(or kilovolt-amperes) which must be provided by synchronous 
phase-modifying machmery As an illustration of how this may 
be done, Fig, 116 shows the development of a circle diagram which 
gives the relation between “active” and “reactive” components 
of the current at the receiving end of the hne, m order that con- 
stant voltage may be mamtamed at the sendmg end of the line 
In this particular diagram, the constant voltage E at the receiving 
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end has the same value as the constant voltage V at the sending 
end, but this equahty is not necessary 

The “exact” formula giving voltage at the sendmg end of a , 
transmission Ime m terms of voltage and current at the receiving 
end (as given m Art 100) is 

= K^Er. + KJr 

where 

Ki = cosh L-s/YZ 

, , (L^YZ) , (L^YZy ^ 

~ 2 24 

and 

Ks = yl^smhLVYZ 

r (L^YZ) (L^YZ)^ 

-LZ[l + —^ + -^^ + 

This relation is indicted m Fig 116 where the vector OD = Vn 
IS seen to be equal to the sum of the two vectors 00' = (K^En) 
and O'D = (IrZi) The symbol Zi has been used m place of the 
constant Kb m order to indicate clearly that this multiplier is 
simply a fictitious impedance which, m short Imes, does not 
differ appreciably from the impedance LZ, but of which the 
value has to be determined by formula (139) when usmg the 
exact'' method of calculation on Imes several hundred miles long 
In order to study the ‘^real" and ‘^imagmary" components 
of the load current Ir, express the voltage vectors of the diagram 
Fig 116 m terms of their phase" and “j" components, the 
axis of reference bemg OB = En Thus 

Yn = Eb jEa + (Ift +jIa)(Rl + jXi) (146) 

The S5nnbols in this equation have the followmg meanmg 
Vn = voltage (Ime to neutral) at sendmg end of Ime, 

Eb and Ea = the “real" and “imagmary" components, 
respectively, of the vector (KaEn) which is the voltage that would 
be required at the sendmg end of the Ime to produce En volts 
(Ime to neutral) at the receivmg end under open-circmt condi- 
tions (^ e , when the current Jr at the receivmg end is equal to zero) , 
lb and la = the “real" and “imagmary" components of the 
receivmg-end current Jr, 

Rx and Xi = the fictitious resistance and reactance, respec- 
tively, per conductor, bemg the components of the fictitious 
impedance Zx — Kb 


(130a) 

(138) 

(139) 
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Multiplying out equation (146) and rearranging the terms, 

Vn = {Eb + IbR^ - I,Xl) +j{Ba + IbKl + IJti) 

as mdicated graphically m Fig 116 If all the vectors m this 
diagram are divided by Zi, the result is a circle diagram of current 
vectors m which the length HD divided by Zi wdl be a measure of 
the reactive component la oi current necessary at the receiving 
end to mamtain constant voltage when the “m-phase” compo- 
nent of the load current is h = ^ ^ 

Zi 



Fig 116 — Vector diagram for constant voltage transmission takmg account of 
distributed capacity 


The procedure necessary to transform the vector diagram of 
Fig 116 mto a more convement diagram with O^X as the hori- 
zontal axis of reference and O'F as the vertical axis is similar to 
that which was explained m Art 98 when deriving Fig 111 
from Fig 110 The position of the center of the circle relative 
to the new axes is easily located by notmg the similarity of the 
nght-angled triangles of Fig 116 m which equal angles have been 
marked. When all the vectors of the diagram have been divided 
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by Zi, the resulting circle diagram will be generally similar to Fig 
111 except that the radius of the circle and the location of its 
center are determined by the following quantities 

m^PG (m Fig 111) = - (120a) 

n = OP (in Fig 111) (121a) 

r- = CS (in Fig 111) = (122a) 

If it IS desired to express the quantities as read off the circle 
diagram m terms of kilowatts or kilovolt-amperes of a three- 
phase transmission, it is necessary merely to multiply the quanti- 

3E 

ties indicating amperes of current by — ^ 



CHAPTER XI 


CORONA— ABNORMAL PRESSURE RISES— LIGHTNING 

ARRESTERS 


103. Formation of Corona and Accompanying Losses of 
Power. — ^When the pressure on an overhead transmission system 
exceeds a certam critical value dependmg upon the spacmg and 
diameter of the wires, there will appear on the surface of the con- 
ductors a halo-like glow to which the name “corona” has been 
given Apart from this luminous effect, the appearance nf the 
corona is accompamed by a certam loss of power proportional to 
the frequency and tne square of tne amount by wbich the pres- 
sure between conductors exceeds a ce rtain value known as the 
disruptive critical voltage If the distance between outgomg and 
return conductors is comparatively small (less than fifteen times 
the diameter of the wire) there wiH be a spark-over when the dis- 
ruptive critical voltage is reached, but with the greater separation 
such as occurs on practical high-tension transmission hnes, the 
effect of the high potential at the conductor surface is to break 
down the resistance of the air m the immediate neighborhood of 
the conductor surface A luminous cyhndncal coatmg of air, 
actmg as a conductor of electricity, is thus formed, the diameter 
of which will depend on the amount by which the actual value 
of the appbed potential difference between wires exceeds the 
disruptive cntical value of the potential difference. The result 
is eqmvalent to an mcrease of the diameter of the conductors, 
thus raismg the value of the voltage necessary to break down new 
concentric layers of surrounding air, until it is approximately equal 
to the voltage impressed on the wires 
Suppose that a cyhndncal wire of radius r is surrounded by a 
concentric metal cyhnder of internal radius R and that there is a 
potential difference of B volts between the rod and the cyhnder, 
then, by formula (86) of Art. 73, Chap VIII, the potential grad- 
ient at the surface of the wire will be 




E 

T ^ 

rlo&y 


( 86 ) 
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The corresponding formula for parallel wires is 



where d is the distance between centers of wires and En is the 
pressure, m volts, between wire and neutral plane 
The breakdown gradient is about 30 kv per centimeter, and it 
follows, therefore, that the voltage which will cause this critical 
gradient at the surface of the wire is 

d 

EomBx = 30r loge “ kv. 

where d and r must be m centimeters 
This voltage is not high enough to produce a visible corona, 
because immediately beyond the surface of the conductor and at 
any greater distance, the voltage gradient is less than 30 kv per 
centimeter 

Mr Peek^ has found that, in order to produce visible corona, 
the voltage must be raised until the breakdown gradient of 30 
kv occurs at a distance equal to 0 301 Vr cm beyond the surface 
of the wire. This leads to the following working formulas which 
mclude certam correctmg factors which take account of atmos- 
pheric conditions and the surface condition of the conductor 
The disruptive critical voltage, being the r m s value of the pres- 
sure measured beween wire and neutral, is 

Eo = mo 211 dr log^ - kv (148) 

m which r = radius of conductor m centimeters 
d = distance between centers of the outgomg and return (par- 
allel) conductors, m centimeters 

mo = a factor dependmg upon the surface condition of the con- 
ductor, 

= 1 for polished wires, 

= 0 98 to 0 93 for roughened or weathered wires, 

= 0 87 to 0 83 for stranded cables (average = 0 85) 

8 = density of the aar referred to the density at 25°C and 76 
cm of barometric pressure 
_ 6 ^^ 273 + 25 '3 926 

76 ^ 273 + / 273 + t 

^ Peek, F W , Jb , ‘^Dielectnc Phenomena,’' McGraw-Hill Book Company, 
Inc 
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where 6 is the barometric pressure m centimeters of mercury, 
and t IS the temperature m degrees Centigrade If h is expressed 
m mches of mercury and t is the temperature m degrees Fahren- 
heit the density factor becomes 

, 17 9& 

459 + i 

(Note that when 6 = 29 9 and t = 77®, 6 = 1) 

As a guide m estimatmg the average pressure at high altitudes, 
the followmg figures may be used. 

Elevation, sea level, 6 = 29 9 

2,000ft, 6 = 27 6 

4.000 ft , b = 25 6 

6,000ft, b = 23 7 

8.000 ft , b = 22 0 

10.000 ft, b = 20 4 

12.000 ft , b = 18 9 

The lununosity, or visible halo of hght surroundmg the con- 
ductor, does not occur until a higher pressure has been reached, 
the mcrease over the critical disruptive voltage bemg dependent 
upon the diameter of the conductor Mr Peek’s formula for the 
vimal critical wUage (kilovolts to neutral) is 

E. = m„21 18r^l -|- log. ^ (149) 

•where the surface factor m, has the same value as for wires, 
and may be taken at 0 82 for a decided visible corona on seven- 
strand cables The notation is otherwise as above 

Spark-over Voltage —When the voltage is very high and the 
separation between wires is small, a disruptive spark may pass 
between the wires The voltage at which this occurs is called 
the spark-over voltage, and the approximate formula proposed by 
Peek IS 

/ 0 01^ 

E. = 21 Irl 1 -I- I log. ^ (150) 

where E, is the r m s value, m kilovolts, of the spark-over pr^sure 
between wire and neutral The sme wave of e m f is assumed 
and the mcmmum voltage values are, therefore, obtamed by 
multiplymg by the results obtamed from these formulas 
Eibss of Power Due to Corona. — ^The losses which occur through 
corona are not different m Hhd from PB losses, but smce they 
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occur whenever a visual corona appears and may reach high 
values if the line voltage appreciably exceeds the voltage at 
which corona is first formed, the importance of designmg high- 
tension hnes so as to avoid excessive corona formation is evident 
The loss of power due to corona formation is approximately 
proportional to the frequency (withm the usual commercial 
range), and to the square of the excess of line voltage over the 
disruptive critical voltage The current passing from the wires 
into the air on an alternating system is an energy current m 
phase with the pressure The formula proposed by Mr Peek for 
calculating these energy losses is 


Kilowatt loss per mile 
of smgle conductor 


-S?(/+25) 



- (151) 


where f = frequency 

En = voltage, wire to neutral 

Eo = disruptive critical voltage (formula (148)) which, 
when r and d are in inches and common logarithms are used in 
place of the h3q)erbohc logarithms of the precedmg voltage 
formulas, becomes 

Eo = 123mo8r logio kv to neutral (148a) 


The approximate power loss under storm conditions is obtained 
by takmg Eo as 80 per cent of its (virtual) value as calculated by 
formula (148) or (148a) 

Example 31 Losses Due to Corona — Consider a 40-mile section 
of a three-phase, 60-cycle transmission line consistmg of No 1 
seven-strand conductors spaced 6 ft apart Assume the average 
elevation of this section of the hne to be 2,000 ft and the ma w 
mum summer temperature to be 95°F Calculate the pernussiljife 
operating voltage, given that the losses due to ionization (corona 
losses) shall not exceed 300 kw 

In order to calculate tlie disruptive critical voltage by formula 
(148a), the following quantities are required 

From the .wire table on page 81, r = 0 164 

r “ 0^ log ^ = 2 641 

= 0 85 \ 

. 17 96 

459 
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where 6 has an average value of about 27.6 as given in the 

table on page 309 

Therefore 


17 9 X 27 6 
459 + 95 


= 0 892 


whence 


jBo = 123 X 0 85 X 0 892 X 0 164 X 2 64 = 40 4 kv 


By formula (151), the losses per mile are 

^(60 + 25),J^^(En - 40 4)n0r^ = 0 01775(.E„ - 404)* 

300 

The permissible losses per mile of smgle conductor are ^ 

o X 4u 

= 2 5 kw 
Therefore 

(En - 40 4) = 

whence == 62 3 kv (line to neutral), or a voltage of 90,600 
between wires 

104:. Corona Considered as ‘‘Safety Valve” for Relief of Excess 
Voltages — Since the rate at which energy will pass between 
hnes or between lines and ground, as indicated by formula (151), 
IS seen to be proportional to the square of the excess of pressure 
over the disruptive critical voltage, a small mcrease of pressure 
may lead to a very greatly increased dissipation of energy through 
the air This property of the corona suggests the possibihty of 
working high-voltage transmission Imes at a normal pressure in 
the neighborhood of the critical disruptive voltage where the 
loss would be mappreciable An extrar-high-voltage discharge, 
due either to atmosphenc hghtnmg, or to mtemal causes, would 
then be largely dissipated m the corona itself. This may, to some 
extent, account for the fact that fewer lightmng troubles are 
experienced on the very-high-voltage transmissions than on the 
lower-voltage hnes The msulation of the conductors bemg 
such as to withstand, without breakdown, pressures considerably 
m excess of the disruptive cntical voltage of the corona, a laige 
amount of osciUatmg energy can be dissipated m the air before 
the voltage rises to such a value as to pierce or shatter msulators 
or damage apparatus connected to the hne On the other hand, 
too much reliance should not be placed on the corona as a means 
of dissipating large amounts of suddenly impressed energy; 
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because lightning and similar distuibances, being to a great extent 
local, must discharge their power locally, and the corona losses 
over a short section of the transmission line cannot under any 
circumstances be very great ^ 

Generally speaking, a safe and economical voltage at which 
to operate high-voltage lines is up to, but not above, the disrup- 
tive critical voltage as calculated by formula (148) or (148a) 
for fair weather conditions at the highest summer temperature 
This will lead to some power loss due to corona during storms, 
especially m hot weather In the winter, the loss will be less 

With the present tendency toward longer transmission distances 
and higher voltages, the losses due to corona may be excessive 
unless conductors of large diameter aie used For this reason, 
alummum cables, with or without steel core, have been used in 
place of copper, but there is now on the market a hollow con- 
ductor consistmg of one or more layers of copper wire spiraled 
around a light supportmg core of copper of which the cross- 
section is similar to that of an I beam, but it is twisted so that 
the web part shall support the wire strands at frequent intervals 

Although the increased diameter of conductor which may be 
necessary to avoid corona losses will necessarily increase the 
capacity and, therefore, the charging current between wires, it 
must not be overlooked that when corona does form on a wire 
of smaU diameter, the ionization of the air in the immediate 
neighborhood of the conductor has much the same ejBfect as if the 
diameter were actually mcreased, and this leads to increased 
permittance between wires and, therefore, to a larger charging 
current ^ 

106. Transient Phenomena. Abnormal Voltages. — com- 
plete discussion of transient electrical phenomena caused by 
hghtnmg, switchmg operations, arcing grounds, or any accidental 
disturbance of the normal steady-state operating conditions is 
beyond the scope of this book Indeed, a complete analysis of 
the causes and resulting phenomena which lead to occasional 

1 The possibilities of designing a line or a section of line so that the forma- 
tion of corona may be utihzed as a protection against hghtmng and similar 
disturbances, are fully discussed in a Paper by J B Whitehead m the 
TraTis A I E E , vol 43, p H72, 1924 

® This effect is discussed by C F Harding m his paper Corona Losses 
between Wires of Extra High Voltages,’^ Trans A I E E , vol 43, p 1182, 
1924 
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interruptions of service on electric transmission Imes is not 
possible with the present hmited understandmg of the subject 
By making certam assumptions as to wave shapes and the 
electrical conditions of the transmission system at the time when 
the disturbances occur, it is possible to predetermine the effects 
due to sudden changes in the current or voltage, but the formulas 
are long and not easily apphed by those not thoroughly famihar 
with the mathematics mvolved In the case of an actual trans- 
mission system with uniformly distributed mductance and 
capacity, modified by the connection of substation loads or mter- 
connecting lines, the correct predeteimination of transient 
phenomena is impossible, mamly because the exact nature of 
the imtial disturbance — as in the case of lightmng discharges — 
IS unknown By the collection and analysis of data showmg the 
relative value of the many protective devices that have been tried, 
it is possible to determine whether or not the mstallation of 
certain types of hghtnmg arresters and other protective devices 
IS hkely to prove effective in preventmg damage to apparatus 
and m mamtammg contmmty of service 

No attempt will be made to deal exhaustively with the problems 
of hghtnmg protection, but what follows will be helpful m indicat- 
ing the nature of these problems and the means at present 
adopted to min imize the destructive effects of abnormal pressure 
rises For a complete study of the principles underlymg tran- 
sient electrical phenomena, the reader is referred to authorities 
such as Stemmetz^ and some of the more recent writmgs which 
have appeared from time to time m the techmcal journals 

The relation existmg between the voltage and the current of 
any transient electrical disturbance occumng m a circuit depends 
upon the relation between the magnetic flux linkages per imit 
current — or the znditctance — and the permittance or electro- 
static capacity 

Consider a circmt m which there is altematmg or osciUatmg 
energy which is not utihzed by any form of receiving apparatus 
and is not dissipated in the form of heat through the ohmic 
resistance of the conductors, or through ''dielectnc hysteresis'^ 
or corona, it is obvious that, at the instant when the current 
wave passes through zero value, the whole of the energy must be 
stored m the electrostatic field, and similarly, at the instant when 

^ “Transient EHectric Phenomena and Oscillations,” also Prankun, W S , 
“Electnc Waves ” 
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the pressure wave passes through zero value, the whole of the 
oscillating energy must be stored m the electromagnetic field 
Moreover, so long as the mterchange of energy from one form to 
the other contmues without diminution of amount, these two 
quantities must be exactly equal This conception of the oscil- 
lations of energy m a circuit having neghgible resistance, but 
appreciable mductance and capacity, is fundamental, and it will 
be examined in further detail with a view to arriving at a defimte 
relation between the amplitudes of the voltage and current waves 
Energy Stored in Magnetic Field — Since the engineer usually 
prefers to think of volts and amperes, the product of which repre- 
sents power (watts) or the rate at which work is being done, it 
may be said that the energy stored m a magnetic field durmg a 
short mterval of time dt seconds is ei X dt watt-seconds or joules 
In this connection the voltage e is the e m f developed m a 
conductor carrying i amp when a change m current di causes a 
change of flux m the short mterval of time dt Thus, in 
considermg the flux linkmg with a circuit of one turn (a trans- 
mission Ime conductor) m a medium (air) of constant permea- 
bihty, it IS possible to write 

d^ ^di 
^ ~ ~di ~ ^dt 

whence 

Energy stored in magnetic field during the 1 _ t w v / 7 / 
mterval of time dt ] di ^ 

~ '\di di 


and smce the current grows from zero to its maximum value 
m a quarter of a period, 


Energy stored m magnetic field 
durmg one quarter period 



= joules (152) 


It IS easy to show m a similar manner that the energy stored 
in the dielectnc circmt m one quarter period while the value 
of e grows from zero to Em&x is where C is the electro- 

static capacity of the circuit, or portion of circuit considered 
Thus, m the case of a pure, undamped, oscillation, when no 
energy is supphed from the outside to the circmt, or by the cir- 
cmt to the outside, it follows that 


LP = CE^ 
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whence 

1-^5 (153) 


where L is expressed in henrys and C in farads The quantity 
IS thus seen to be of the nature of an impedance; and it may 


be expressed in ohms It is generally called the surge impedance^ 
or the natural tmpedance of the circmt or portion of the circmt 

considered It denotes the ratio of the osciUatmg energy, 

amperes 

bemg the impedance offered to a travelmg wave of which the 
frequency is determined by the Ime constants L and C 

In the case of an overhead transmission Ime, the approximate 
value per mile of the mductance between one conductor and 
neutral, as given m Art 89, Chap IX is 


External inductance L = 0 000741 log - henrys 


and the approximate capacity per mile as given by formula (109) 

IS 


C = X 10-« farads 


whence the surge impedance of an overhead transmission Ime is 
approximately _ 

= 138 log ^ ohms (154) 

In practical overhead work, the hmitmg values for the ratio 

j 

- will probably be 800 and 50, which, when inserted m formula 

(154), show that the “natural impedance” of an overhead trans- 
mission Ime must he between 400 and 230, or, to be well on the 
safe side, between, say, 500 and 200 ohms 


^ The surge impedance, as explained in Art 100, Chap X, is really the 
quantity 

But 1 ^ '}'^p > and since it is assumed that B is n^gibly small in 

^ . Z X 

relation to X, and G negligible in relation to B, it follows that y B 

^rfli Tl4 
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A knowledge of this quantity renders it possible to determine 
the maximum value of any surge pressures that can possibly 
occur on the Ime due to the sudden mterruption of the current 
Thus, if the “natural impedance^' is 300 ohms, and the instantar 
neous value of the current at the crest of the wave is 200, the surge 
pressure, however suddenly the current is mterrupted, cannot 
possibly exceed 200 X 300 = 60,000 volts, because this is the 
maximum value of the pressure wave necessary to store in the 
electric field the whole of the energy stored m the magnetic field 
at the moment when the current was mterrupted It is safe to say 
that, on a practical transmission line, the surge pressure is never 
likely to exceed 200 times the current in amperes, but, with heavy 
currents, this may well be sufiGLcient to break down insulation and 
cause considerable damage to power plant It must not be over- 
looked that it IS often more difficult to handle heavy currents 
at comparatively low pressures than small currents at very high 
pressures When the current is large, the opemng of switch or 
fuse on full load, or an accident causmg a break in the circuit, 
with or without the formation of an arc across the gap, may lead 
to msulation troubles on many widely separated parts of the 
system, but on a high-pressure system, even if the current were 
as large, the msulation is frequently so good that it wiU with- 
stand without mjury the stress imposed on it by the highest 
possible value of the surge pressure 

In underground cables, the capacity is much larger compared 
with the mductance than m overhead systems, and the surge 

impedance has then a smaller value, which may be about 


one-tenth of the value for overhead Imes, but the transformers 
connected to transnaission systems will always have a surge 
impedance considerably higher than that of the Ime itself 
The effect of the ohmic resistance m series with the mductive 
and condensive reactances of a circuit is to damp out the oscilla- 
tions by dissipatmg the energy m the form of PR losses With 
a sufficiently high value of resistance m the circmt, surges or 
oscillations of energy caimot take place 
106. Line Disturbances Caused by Switching Operations and 
Arcing “Grounds.’’ — ^It is hardly necessary to add anythmg to 
what has already been said in order to emphasize the possible 
danger of suddenly swutchmg a source of electrical energy on or 
off a long transmission hne Unfortunately the calculations of 
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the probable surges or oscillations are not easily made, and, 
moreover, accurate data concerning the characteristics of the 
various circuits and apparatus connected to the system are rarely 
available It follows that the engmeer cannot predetermme 
accurately what will happen under the different probable or 
possible conditions of operation, but a general imderstandmg of 
the prmciples underlying the creation of energy surges m a sys- 
tem of electric conductors will enable him to avoid obvious mis- 
takes in the design and operation of a particular transmission 
scheme 

Suppose a flash-over to ground occurs at one of the insulators 
on a high-voltage transmission hne with En volts between hne 
and neutral (ground) If the grounding occurs at the instant 
of time when the voltage has reached its crest value (\/2 En m 
the case of a sine wave of e m f ), high-frequency traveling waves 
will propagate m both directions from the flash-over pomt, with 


a maximum current value of ^/2Eny|^ 


The location of the 


flash-over, and the hne impedance between this point and the 
source of supply, will determme the maximum possible amount 
of the power current which will flow into the short-circuit 
Suppose that this power current is I amp and that it is mter- 
rupted when its instantaneous value is then the maximum 
transient high-frequency voltage that can be mduced — and 

superimposed upon the normal-frequency voltage — ^is 

These high-frequency osciUatmg transients, startmg out in both 
directions from the point where the origmal disturbance occurs, 
wiU have a gradually decreasmg amphtude owmg to the dampmg 
effect of the hne resistance and leakage over msulators or through 
the air (corona) , but if these wave trams of oscfillatmg energy 
reach the end of the hne without greatly diminished amphtude, 
they will be “reflected,^' and the reflected waves, meetmg the 
outgomg waves, may cause considerable amplification of the 
origmal disturbance 

There is also danger of abnormally high voltages due to suiges 
at the pomts where there is a change in the constants of the 
circmt Thus, if a transformer is connected across the ends of a 
long overhead transmission hne, there will be a rise of pressure 
when a traveling wave arrives at this pomt because the surge 
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impedance transformer wmdmg may be between 

2,000 and 4,000 ohms, which is very much higher than that of the 
hne itself (about 400 ohms as previously explamed) For this 
reason the end turns of the transformer primaries must be 
specially insulated to withstand much higher voltages between 
turns than the remainder of the wmdmg 

In the case of a change from underground to overhead trans- 
mission, a surge origmatmg m the cable will produce a nse m 
pressure at the junction with the overhead Ime, while the con- 
trary will occur (^ e , the voltage will be reduced) if the surge is 
started m the overhead hne and passes mto the cable system of 
which the surge impedance will always be smaller than that of 
the overhead transmission 

With the good insulation provided on modem high-voltage 
systems, it is doubtful if the mterruption of the current by 
openmg switches under load is likely to cause serious voltage 
disturbances, except m the case of air-break switches where a 
long arc may be formed and suddenly mterrupted — as for mstance 
by a draught of air — ^when the current is of considerable value 
Oil-break switches almost mvariably open the circuit at the 
instant when the current is passmg through zero value 

Although the mathematical solution of hypothetical problems 
based on the assumptions of uniformly distributed circuit con- 
stants and simple harmonic wave forms is a comparatively 
easy matter, the practical conditions with the mixed networks of 
large distnbutmg systems are such that the ultimate effects of a 
disturbance on such systems cannot be accurately predicted even 
if it were possible to determine the exact character of the imtial 
disturbance 

107. Li ghtning . — ^The foregomg considerations do not take 
mto account the effects of hghtmng, either by direct stroke or 
by mdudaon, because m such cases a pressure from an outside 
source is impressed upon the circmt, and the potential of these 
atmospheric charges may be tens of times greater than any surge 
voltage due to a redistnbution of the energy stored m the circmt 
itself. 

Although the understandmg of hghtning phenomena is still 
far from complete, it is generally agreed that a smgle stroke of 
hghtmng is of short duration, frequently not exceedmg the one- 
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thousandth part of a second If an oveihead conductor receives 
a direct stroke of lightning, the potential value of the lightning 
charge is generally so enormously in excess of the working pres- 
sure on the conductors that the hghtnmg leaps over the msulators 
down the pole to ground Any charge on the hne, which is not 
sufficiently high m potential above ground to jump over the msu- 
lators, will travel along the Ime m both directions until it is 
grounded through a hghtnmg arrester or dissipated as PR losses 
m the conductors If the resistance of an arrester or the path 
through which a discharge occurs were zero, the current passmg 
would be a maximum If C is the capacity m farads and L the 

mductance in henrys of umt length of hne, then is the surge 

impedance of the circuit, and the maximum possible value of the 


current will be Jmax 



where E is the impressed 


voltage, which may be considered as somethmg less than the 
pressure which will cause a flash-over at the msulators 
The intense concentration of lightmng disturbances is the 
cause of the difficulties experienced m protectmg transmission 
lines by means of hghtmng arresters, experience tends to show 
that an arrester does not adequately protect apparatus at a 
greater distance than 500 ft , yet it is unusual to find arresters 
on a transmission Ime at closer mtervals than 2,000 ft 

Disturbances are most likely to occur on exposed heights and 
on open wet lowlands, special attention should, therefore, be paid 
to hghtnmg protection at such places 

Although the quantity of electricity m a hghtning flash may not 
be very great, the short duration of the flash accounts for currents 
which are probably of the order of 10,000 to 50,000 amp 
Apart from the eJffects of atmosphenc electricity, it is necessary 
to guard agamst the abnormal pressure rises that will occur on 
long transmission Imes through any cause, such as switching 
operations or an mtermittent ^'ground Overvoltages up to 
40 per cent m excess of the normal Ime voltage can be produced 
by switchmg m a long hne High-frequency impulses4)r surges 
are set up, which, m the special case of an arcing groundj may 
give nse to a destructive series of surges, a state of things which 
will continue until the fault is removed An arrester which may 
be suitable for deahng with transitory hghtnmg effects may 
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be quite inadequate to dissipate the charges built up by such 
continual surges 

108 Protection of Overhead Systems against Accumulations 
of High-potential Static Charges — ^XJnder this heading the ordi- 
nary hghtnmg rod and grounded guard wire will be briefly dealt 
with If no guard wire is used, hghtmng rods, m order to be 
efficient, should be provided at frequent intervals along the line 
They may be fixed to every pole or tower, but in any case 
they should not be spaced farther apart than 300 to 400 ft unless 
the spacmg of the supportmg poles or towers has to be greater 
than this for economic reasons It is especially important to 
provide them on the poles or towers m exposed positions, such as 
lull tops They should project from 3 to 6 ft or more above 
the topmost wire A convenient form of hghtnmg rod is a 
length of galvamzed angle iron bolted to the pole top or fornung 
an extension to the structure of a steel tower Long lines have 
been worked satisfactorily for extended periods without hghtnmg 
rods or guard wires, but these are extra-high-pressure transmis- 
sions which, on account of the better insulation throughout, are 
always less hable to trouble from lightning than the lower- 
voltage systems 

Although engmeers are still divided m opinion as to the value 
of the protection afforded by overhead grounded guard wires 
carried the whole length of the Ime above the conductors, it is now 
generally recognized that this method of protection is efficient 
for comparatively low-voltage circmts carried on steel poles 
The objections to the guard wire are the additional cost and the 
possibihty of the wire breaking and falling across the conductors 
below, thus causmg an interruption to contmuous workmg 
Trouble due to this cause is, however, exceedingly rare 

If the grounded wire above the conductors could be replaced 
by a cylmder entirely surroundmg the power circuit, complete 
protection would be afforded agamst induced charges from thun- 
der clouds Indeed the condition would then be equivalent to 
an underground system of transmission The protection afforded 
by one or two wires strung above the conductors and grounded 
at frequent intervals is, however, only partial, and the extra cost 
of the installation of such guard -wires may not be justified on 
economic grounds The present-day tendency is to omit them 
from wood-pole lines, but when the ground p’btential has already 
been earned to a higher elevation by the use of steel poles or 
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towers, theie appears to be no doubt that additional protection 
may be provided by grounded guard wires It is probable that 
there is an economic advantage m providing grounded guard 
wires on rural or farm hues on the four-wire three-phase system 
with well-grounded neutial when the wires are carried on steel 
poles, but the trend in all recent overhead hnes is to omit the 
ground wire If the saving of cost effected by this omission were 
always applied to impiovmg the msulation of the Ime generally, 
even when the operating voltage is comparatively low, there is 
httle doubt that the ground wire might usually be onutted, 
although there will always be special cases or situations m 
which its installation will be an advantage It is well known 
that extra-high-voltage transmission hnes are less affected by 
hghtnmg disturbancerS than the lower-voltage hnes because of 
the higher insulation to ground 
Relieving Conductors of High-potential ‘‘Static ” — ^By directmg 
a stream of water from the nozzle of a grounded metal pipe 
on to the high-tension conductors, a high-resistance non-mductive 
path to ground is provided for the extra-high-potential charges 
on the line, but there will be very httle leakage of power current 
It is claimed that arresters constructed on this prmciple have 
been found useful m practice, but the employment of jets of water 
has its objections It is usual to put the jets in action only at 
times when electric storms are pendmg, and the rehance on the 
human element” renders the apparatus less valuable than an 
equally eflScient device which is always ready to act The chief 
function of the water jet is to prevent the buildmg up of static 
pressures on the hne caused by the contact of dust, snow, or ram- 
drops, blowm agamst or falhng upon an msulated Ime of con- 
siderable length, or by vanations m the potential of the 
atmosphere at different parts of a Ime traversmg hilly country 
Since other means, such as highly mductive resistances, or 
the grounding of the neutral pomt of transformers connected 
to the hne, are available for preventmg the accumulation of static 
charges on an overhead Ime, the advantages claimed for water 
jets are not obvious 

Probably the best way to provide a discharge path for gradually 
accumulated static charges on the Ime is to have the high-tension 
windings of the transformers star-connected, with the neutral 
pomt grounded, preferably through a resistance Smce this 
question of grounded or ungrounded neutral is still subject to 
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discussion, the present trend will be briefly referred to in the 
following article 

109 Grounded versus Isolated Transmission Systems — 
Whether or not it is advisable on thiee-phase transmissions 
to use the star connection with grounded neutral, or a system, 
either star or delta, without any connection to ground, is not a 
matter of very great importance, and since no theoretical con- 
clusions based on general prmciples have been ariived at, the 
engmeer is compelled to consider each paticular case on its own 
merits and be guided by practical results obtamed under similar 
conditions 

With a view to ehmmatmg the third harmonic and its multiples, 
and so obt ainin g as nearly as possible a sme-wave of e m f , the 
generators are usually Y connected, a practice which has the 
further advantage that the neutral pomt can be readily grounded 
if desired The low-tension windings of the transformers, both 
at generatmg and receiving ends of the line are generally delta 
connected, but so far as the high-tension windings are concerned, 
these may be star at both ends, or delta at both ends, or star at 
one end and delta at the other Then again, the neutral point 
of a high-tension system may be connected to ground either 
directly or through a resistance, the results being by no means 
the same in the two cases 

The object of groundmg the neutral of a high-tension system 
IS mainly to protect the insulation from abnormally high pres- 
sures which might aggravate the trouble in the event of a ground 
occurrmg on one wire, and so lead to serious mterruption of 
service It is, m fact, the question of Ime insulation considered 
in connection with contmuity of service which is generally the 
determimng factor m decidmg whether or not the neutral shall 
be grounded, and whether the grounding, if adopted, shall be 
with or without the mtervention of a resistance. 

In England, it has always been considered good practice to 
ground the neutral pomt through a resistance, but both in the 
United States and on the contment of Europe it has, in the past, 
been customary to operate with the neutral pomt insulated One 
of the m a m troubles with the ungrounded system is the fault 
known as an arcmg ground or mtermittent earth, which sets 
up high-frequency surges and not infrequently leads to a shut- 
down The trend is now toward the grounded star connection 
which practical experience has shown to be generally preferable 
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to the insulated system, especially in avoiding dangerous surgmg 
conditions There is still a good deal of discussion regarding 
the desirabihty of a resistance or inductance, or both, m the 
connection between the neutral point and ground, but there is 
undoubted danger m the direct connection to ground because of 
the very large currents which may occur in the event of one of the 
phases being accidentally grounded 

110. Protection from High-frequency Disturbances— Static 
Condensers. non-inductive low-resistance direct connection 
to ground can obviously not be made on a high-tension a c over- 
head transmission hne, but a path to ground may be provided 
either through a highly mductive choke coil, or through a con- 
denser, or both, without the necessity of providing a spark gap 
in series The mductive resistance may easily be designed to 
pass only an mappreciable current of normal or higher frequency, 
and it will, therefore, be useless for affording rehef m the case of 
high-frequency surges, but it is capable of rehevmg the hne of 
slowly accumulated static charges The condenser, however, 
acts as an almost perfect msulator so far as direct currents are 
concerned, but it is pervious to high-frequency currents, and a 
smtably designed condenser, or rather battery of condensers, con- 
nected between hne and ground without the mtervention of any 
spark gap, is certamly an ideal device for deahng with the very- 
high-frequency oscillations that accompany hghtnmg phenomena 

When a thundercloud passes over a transmission hne, it will 
induce on the Ime an electrostatic charge of polarity opposite 
to that of the cloud. When the cloud is suddenly discharged, 
either to a neighbormg cloud or to ground, the accumulated static 
charge will form two travelmg waves movmg m both directions 
from the point of disturbance. The potential which will be 
superimposed on the normal workmg voltage will depend upon 
the potential of the cloud and the height of the conductors above 
ground The induced voltage at the instant of hghtnmg dis- 
charge IS not likely to exceed about 6,000 volts for each foot of 
elevation above ground level, ^ which explains why the flash-over 
of msulators on 220,000-volt transmission hues, due to lightning, 
is comparatively rare On lower voltage Imes, flash-overs will 
occur or hghtnmg arresters will discharge 

^ The potential gradient between cloud and ground just before a thunder- 
cloud discharges by direct hghtnmg stroke to ground will be very much 
higher than this, probably in the neighborhood of 100,000 volts per foot 
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Considei, now, the more common occurrence of a lightning 
discharge which raises the potential of the overhead circuit only 
a few thousand volts, an amount which will not be sufficient to 
cause a flash-over at the insulators or the discharge of any spark- 
gap type of lightning arrester Travehng waves will, however, 
start out in both directions from the point of disturbance, with 
a frequency of many thousands of cycles per second It is now 
generally understood that high-frequency traveling waves may 
break down the msulation of generators or tib,nsformers even 
when the voltage of the mduced charges is small as compared 
with the normal operatmg voltage The trouble is that the wave 
IS short, and the pomt of zero potential may be only a few hundred 
feet behind the point of maximum potential If, therefore, a 
travelmg wave of this nature enters a piece of electrical machinery 
such as a generator or transformer, the full difference of potential, 
which may amount to only a few thousand volts, may be apphed 
across adjacent layers of the coil windmg, thus causing a puncture 
and ultimate breakdown of the msulation, even if the apparatus 
as a whole is msulated to withstand pressures of 100,000 to 200,000 
volts to ground As a protection against trouble of this sort 
from high-frequency mduced charges, the condenser appears to 
offer a good solution 

It must not be understood from these notes on the uses of con- 
densers as lightning arresters that the discharge is diverted to 
ground through the condenser and so dissipated, much as energy 
would be dissipated m a resistance, because the condenser can- 
not absorb or dissipate any but the smallest percentage of the 
energy passmg through it The energy is necessarily redehvered 
to the hue from which it ongmaHy came, and is ultimately dis- 
sipated through the ohmic resistance of the conductors The 
fimction of the condenser is, in fact, somewhat analogous to that 
of an air chamber on a water pipe m which the rate of flow is 
subject to sudden vanations 

In view of the fact that the condenser merely shunts the high- 
frequency oscillations and so prevents damage to the apparatus 
to be protected, but returns nearly all this energy to the hne where 
it ultimately dies out owmg to the conductor resistance, it would 
seem advisable to provide some small amount of resistance m 
senes with the condensers, even at the risk of slightly higher 
surge pressures across the apparatus to be protected. The 
mtelligent combmation of condensers, reactance cods, and resist- 
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ances may be expected to afford good protection, but there is 
always a danger of resonance effects at certam critical wave 
frequencies 

Example 32 Condensers for Protection against High-fi eqiiency 
Surges — The frequencies most likely to build up destructive 
voltages are between 30,000 and 100,000 cycles per second 
Suppose that it is desired to afford protection agamst travehng 
waves of a frequency of 60,000 cycles Assume a power station 
operating three phase at 33,000 volts, 60 cycles, with a current of 
50 amp per conductor The protection affoided consists of three 
condensers each of capacity Cmf microfarads connected between 
hne and ground, in series with a resistance of R ohms It is 
desiiable that the condenser should pass a current equal to the 
full-load current (^ 6 , 50 amp ) when the surge frequency is 
60,000 which has been assumed to be the frequency at which 
the protective devices are to function most effectively When a 
non-inductive resistance is provided in the connection between 
the condenser and ground, it is customary to design it so that the 
voltage drop across the resistance shall be at least as great as 
that across the condenser when the high-frequency discharge 
occurs Since these two voltage drops are in quadrature, each 
being equal to the full voltage to ground divided by V2, 



and since the condensive reactance is to have the same value, 

1 _n 

2irfC “ ^ 


2t X 60,000 X Cmf 

whence Cms — 0 0098 mf 

Although this combination of resistance and condenser will 
pass 50 amp of current to ground at normal operatmg voltage 
when the surge frequency is 60,000, the current passmg under 
normal workmg conditions will be neghgible Thus, when the 
frequency is 60, the condensive reactance will be 1,000 times as 
great as when the frequency is 60,000, namely 270,000 ohms per 
condenser The 270 ohms of non-mductive resistance m senes 
with this is neghgible, whence the current per phase which passes 
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to ground under noimal operating conditions will be approxi- 
33,000 


mately 


= 0 07 amp 


Vs X 270,000 

Owmg to the shorter distances of transmission in Europe, 
means of protection different from those used m America may be 
necessary, but apart from their high cost and difficulties of 
manufacture, there are probably many situations where con- 
densers would be beneficial In Germany where the electroljiiic 
type of lightning arrester is not used, a large number of installa- 
tions are protected by condensers The types used mclude the 
Mosciki tube condenser (glass tubes coated with silver backed by 
a copper deposit) made in two sizes having capacities of 0 002 and 
0 005 mf , respectively, and suitable for workmg pressures of 
15,000 volts per tube The Meirowsky condenser is also made m 
tubular form, but the glass of the Mosciki tube is replaced by 
impregnated paper The Dubilier condensers are made with 
mica as the dielectric, they have proved efficient in piactice and 
are more compact than the tubular designs 

Since capacity between Ime and ground, in combination with 
a non-mductive resistance — which may be additional or merely 
that of the hne itself — ^is effectual in dissipating the energy of 
high-frequency oscillations mduced by atmospheric disturbances, 
it would seem that the condenser formed by the overhead conduc- 
tors and ground should be of some use in this connection The 
effects of Ime capacitance are, however, largely counteracted 
by the Ime mductance, but since a condenser of appreciable 
capacity is obtained from a comparatively short length of 
msulated underground cable, it would appear to be advantageous 
— ^as a protection against induced high-frequency surges — ^to lead 
the current from an overhead transimssion into generatmg 
stations and substations through a length of, say, 200 to 300 ft 
of underground cable Of course this may not be possible in the 
case of very high pressures because of the prohibitive cost of the 
cable, but as a matter of fact any form of condenser becomes very 
costly when designed for use on high-voltage systems The effect 
of an imderground cable on a surge travehng along an overhead 
Ime has already been referred to m Art 106 The greater capac- 
ity (per umt length) of the cable is such that its surge impedance 

would be of the order of 40 ohms, compared with about 400 
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ohms for the overhead line Some laboratory tests made m Ger- 
many in 1921^ appear to indicate that when condensers are used 
for surge protection, switching operations may cause surge volt- 
ages with steep wave fronts which are more dangerous to appaia- 
tus connected to the hne than the surges produced under si mil ar 
conditions when condensers are not used There is no doubt 
that complete piotection against abnormal pressure nses is not 
possible at present, but each system should be studied as a sepa- 
rate problem, and so-called protective apparatus mstalled only 
when the additional cost and comphcation appeal to be justified 
on econonuc grounds. 



Fig 117 — Arcing ring on pin type insulator 


111. Protection of Insulators from Power Arcs. — ^As a means 
of protectmg msulators from flash-over caused by lightnmg, or 
the power arc followmg a high-potential discharge, the “arcing 
nngs” first mtroduced by L. C Nicholson may be mentioned 
These rings, which are grounded, are placed in such a position 
as to take the arc and hold it at a sufficient distance from the 
porcelam of the insulator to prevent cracking or breakage by heat. 
The illustration Fig 117 shows the arrangement of the grounded 
arcmg nngs attached to a pin-t 3 rpe insulator made by the Locke 
Insulator Manufactunng Company It is not claimed that these 
^ Pbbhm, W , EleMrotech Zeit jp 395, Apr 21, 1921. 
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rings will protect an insulator against a direct lightning stroke, 
but their utility on high-pressure lines transmitting large amounts 
of power has been proved without doubt 
Similar attachments are frequently provided on the suspension 
type of msulator When a grading shield^ is provided, the arc 
will usually strike upward from the edges of the shield without 
damaging the porcelam of the units 
112 Hom-gap Arresters — ^Nearly all lightning arresters are 
designed on the prmeiple of one or more spark gaps between the 
conductors and ground, the air space being so adjusted that the 
normal difference of potential between the line and ground is 
insufficient to jump the gap, but abnormally high pressures will 
break down the insulation of the gap and so find a path to ground 
before the pressure is sufficiently high to damage the insulation 
of the hue or the apparatus connected thereto 
The ordmary horn-gap arrester is so well known that it requires 
no detailed description When the potential rises to such a value 
that it can jump the gap at the base of the curved wires, the 
power arc will follow the discharge, but owing partly to the 
upward tendency of the heated air and mainly to the magnetic 
field produced by the current itself, the arc is driven upward 
toward the ends of the horns’^ where, after bemg suflSiciently 
drawn out m length, it is finally ruptured The horn gap is not 
effective when set to discharge at pressures below 13,000 volts, 
because with a small gap (less than 1 m ) the arc may not rise 
and break properly The usual settmgs for horn gaps are as 
follows. The voltages in the table are the r m s values on the 
sme-wave assumption, and they must not be used except as a 
rough mdication of the probable gap between horns 


Gap, inches 

Working voltage across gap 

Spark-over voltage, 
approximate 

1 

21,000 

30,000 


29,000 

41,000 

2 

34,000 

48,000 

3 

44,000 

63,000 

4 

52,000 

74,000 

6 

65,000 

93,000 

8 

77,000 

110,000 

10 

88,000 

126,000 

12 

98,000 

140,000 


1 Refer to Art 76, p 225, and Fig 80 
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A non-inductive resistance should be connected in the ground 
wire from the horn arrester An ordinary wooden barrel filled 
with water, with a connecting plate at the bottom and the upper 
terminal earned about 6 m below the surface of the water, makes 
an effective resistance If no resistance is provided m the ground 
connection, the momentary discharge of the power current may 
be excessive, dangerous surges may be set up m the Ime, and there 
is the possibihty of synchronous machmes bemg thrown out of 
step 

It is necessary to bear in mind that no hghtnmg arrester which 
will discharge only when the potential rises appreciably (say 
30 per cent) above the operatmg voltage can protect apparatus 
connected to the Imes agamst high-frequency (steep wave 
front) surges when the voltage of such travehng waves is less 
than that which will cause the arrester to discharge This 
pomt was referred to m Art 110 when discussmg the function 
of condensers m connection with high-frequency low-voltage 
disturbances 

Another serious disadvantage to the ordinary hom-gap arrester 
is the likehhood of an intermittent arc settmg up surges and high- 
potential disturbances which may lead to more trouble than the 
origmal cause of the spark-over Fairly satisfactory results 
have been obtamed by providmg a number of horn gaps on a 
high-tension transmission and ^‘gradmg'' these, by adjustmg 
some of them to discharge with a very small rise of pressure 
through a high resistance, while other" sets would have larger 
gaps and lower resistances m senes, the very largest gap bemg 
such as to break down only rarely, under exceptionally high pres- 
sures, and this should have a very low resistance m senes but 
may with advantage be protected by a fuse 

The amount and nature of the resistance m the ground con- 
nection from a spark gap are important considerations The 
wnter has had experience with the ordmary water-barrel type of 
resistance on 22,000-volt Qircuits, and he beheves this to be 
satisfactory if proper attention is paid to possible losses of water 
by leakage and evaporation ^ This type of resistance is unsmt- 
able m distncts where thunderstorms are likely to occur when the 
temperature is below the freezmg pomt of water 

1 Refer also to article by H M King in Elec World, vol 79, p 586, Mar 
25, 1922. 
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An improvement on the somewhat crude water-barrel resist- 
ance IS the type of water resistance described by C E Bennett m 
the Electrical World (Vol 75, p 365), Feb 14, 1920 

The amount of the non-mductive resistance in the ground con- 
nection varies considerably m practice, depending upon the volt- 
age of the system and the position of the arrester in relation to 
the source of power Generally speakmg, it is advisable to make 

this resistance at least equal to the surge impedance of f lie 

line or, say, 400 to 500 ohms, but, in order to avoid the passage 
(and mterruption) of heavy currents, resistances between 1,000 
and 1,500 ohms are occasionally used, while resistances no 
greater than one-quarter of the suige impedance are operating 
satisfactorily on some of the lower-voltage installations in Europe 

For the reasons stated above, namely that spark-gap arresters 
do not check all high-frequency surges and are likely to set up 
surges at the instant of discharge, they have been compared 
unfavorably with the very much more costly, but by no means 
perfect, electrolytic arresters with their ideal discharge charac- 
tenstics Nevertheless, expenence has shown that horn arresters, 
if intelligently installed and properly connected and adjusted^ are 
capable of affordmg useful protection on circuits up to 33,000 
volts and even occasionally on systems of considerably higher 
voltage 

113. Methods of Grounding. Clearance between Arresters — 
The ground wire from hghtmng rod, guard wire, or arrester, on 
high-tension transmission hnes, should be as short and straight as 
possible The ground plate should have a reasonably large 
surface, but the material is of little importance, except that it is 
not wise to bury aluminum wires in the ground because of possible 
electrolytic action Galvamzed iron is a good material If the 
ground contact is made with one or more iron pipes buried or 
driven mto the ground, these pipes may be from % to X}4 in m 
diameter, and a good connection should be made to the top of the 
pipe, as the inductive effect of an iron tube surrounding the 
ground wire might be considerable if a connection were made 
only at the bottom of the pipe One or more pipes 8 to 10 ft 
long, driven into the ground with 6 to 12 m projecting above, 
wiU generally be found more effectual than buried plates A 
ground of very low resistance is not essential on a high-tension 
system, and, generally speakmg, the special forms of ground plate 
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made of perforated copper, designed to hold, or to be m contact 
with, crushed charcoal, are unnecessary Copper sulphate in the 
soil surrounding the grounding rods oi plates is helpful m reducing 
the ground resistance 

Spaaing of Lightning Arresters — A reasonable distance must 
be allowed between the live metal parts of arresters placed side 
by side, the following hmitmg distances are suggested for guid- 
ance in installmg hghtmng arresters, such as those of the horn- 
gap type where large arcs may be formed and blown or drawn 
from one element to another These distances may be reduced 
if suitable partitions are provided between the an esters 


Potential Difference, 

Separation, 

Volts 

Inches 

11,000 

24 

22,000 

32 

33,000 

42 

44,000 

50 

66,000 

66 

88,000 

84 

110,000 

108 


114, Grounding through Inductive Reactance. Petersen Coil. 
As a means of preventing the destructive effects of intermittent 
grounds by limiting to a very small value the power current 
which will pass from the high-tension hne to ground, Prof W 
Petersen has suggested the use of a choke coil m place of a resist- 
ance for groundmg the neutral point The amount of this react- 
ance must be a fimction of the capacity of the transmission hne, as 
will be understood by referrmg to Fig 118. If No 1 conductor 
IS grounded owing to a flash-over, the current through the 
E 

reactance will be J* = -# where L is the inductance of the earth 
coJL 

coil This current will lag behmd the voltage En (grounded phase 
to neutral pomt) by a quarter period The total charging current 
between the overhead conductors and ground is the (vectorial) 
sum of the chargmg currents h and J 2 , which is a current one- 
quarter period in admnce of the voltage En^ The total current 
pas si ng from phase 1 through the arc to ground is I a — /» + 
(Ii + I 2 ), and It follows that this current will be zero if the 
lagging component (/x) can be made equal to the leadmg com- 
ponent (Ji + 1 2 ) This IS the prmciple of the Petersen coil, 
actually there wiU be a small energy component of the total 
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current which will never be exactly zero, and moreover it is 
necessary to pass sufl5cient current to operate circuit-breaker 
relays, the reactance of the coil being usually adjusted to pass 
a current of 20 to 30 amp thiough the arc The Petersen coil is 
usually in the form of an oil-immersed water-cooled reactance 
without iron core, it is provided with a number of taps so that 
it may be adjusted according to the electrostatic capacity of 
the circuit to which it is connected 



Calculation of Reactance Required in Ground Connection — ^Let C 
be the capacity, m farads, between either one of the ungrounded 
conductors and ground when the third conductor is grounded 
This IS not the same as the capacity to neutral under normal 
operating conditions, as calculated by the formulas in Art 89, 
Chap IX The value of C is found in practice to be about 75 
per cent of the capacity between any one wire and neutral 
Referring to Fig 118, it will be seen that the current through 
the equivalent condenser of capacity C, connected beween 
conductor 2 and ground, will be I 2 = (aCEi 2 where E 12 is the 
voltage between the (grounded) conductor 1 and conductor 2 
The voltage En is \^ZEn where En is the star voltage (Ime to 
neutral) . Similarly, but notmg the phase relation of the voltages, 
Ii = coC( — Ezi) 

whence h + 12 — o)C(Ei 2 — Ezi) The difference between two 
equal vector quantities when the phase difference is 120 deg is 
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the same as the sum of two equal quantities with a phase differ- 
ence of 60 deg , whence 

Ii-\- li = caCy/ZE 

= 3coC'£n 

where E and jS7„ stand, respectively, for the voltages between 
conductors and between conductor and neutral 
In order to obtain minimum current through the arc, the 
reactance of the earth coil should, therefore, be such that 

3«CB„ = Ix = 

whence L = ^ (155) 


If preferred, this relation may be expressed m terms of the normal 
charging current to neutral, thus, by formula (104), p 257, 




and putting X = uL for the reactance of the coil, 
4En 


X = 


3V31 


ohms (approximately) 


(156) 


The reactance X, or the mductance L, is calculated for the 
frequency of the power are, z e , the normal operating frequency of 
the system 

In America, where the trend has lately been toward the 
grounded neutral without resistance or reactance m the ground 
connection, the Petersen coil finds little apphcation, but it has 
met with considerable success m Europe 

116 . Multiple-gap Arrester with Non-arcing Cylmders — In 
this type of arrester there are many air gaps m senes between the 
hne and ground No single gap is greater than or Ke > 
and it occurs between the adjacent surfaces of small cylmders 
made of a so-called “non-arcmg’^ metal as used m the earlier 
types of arrester designed by A J Wurtz The number of gaps 
m series depends upon the workmg voltage of the hne, and the 
last of the metal cylmders is connected to ground (or to one of the 
return conductors, as the case may be) through a non-inductive 
resistance, which may, with advantage, be shunted by a fuse m 
senes with a spark gap Sometimes a portion of this resistance 
IS bndged by a number of spark gaps, all as shown in the dia- 
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gram Fig 119 These shunted gaps act as a sort of bypass for 
heavy discharges, the amount of the senes resistance through 
which all discharges have to pass bemg comparatively small The 
multiple-gap arrester is essentially a device for use on a c circuits, 
the prmciple of its action being as follows There is a certam 
electrostatic capacity between consecutive cylmders and between 
each one of these cylinders and ground, and the potential gradient 
IS considerably greater at the high-voltage end of the arrester 
with the result that when the total voltage across the arrester 
reaches a certam critical value, the breakdown occurs between 
the first and second cylmders The second cylinder is then con- 
nected to the first by an arc, so that its potential rises accordingly, 
until a breakdown occurs between the second and third cylmders, 
and so on The hne current then follows the discharge and m so 
domg tends to produce a uniform fall of potential along the Ime 
of cyhnders, with the result that the maximum potential differ- 
ence between cylmders is considerably less than that required for 
the mitial breakdown, and the power arc is ruptured as the 
current passes through zero value When a breakdown occurs 
between two cylmders, the potential of the lower cylinder of 
the series will depend upon the quantity of electricity which 
passes to it from the more highly charged cylinder The initial 
current is really a capacity current, and it will, therefore, be 
greater at the higher frequencies, but by a scientific proportioning 
of the shunted resistance, a very satisfactory arrester of this 
type can be made for use on circuits up to about 13,000 volts, 
it is less efficient on higher voltages, but is actually used on 
20,000-volt, and even 35, 000- volt transmission hnes 
One reason why the multiple-gap arrester is not satisfactory on 
systems of very high voltage is that the necessary increase in the 
number of gaps to prevent arcing over by the line voltage alone 
IS out of all proportion to the increase m voltage There is also 
much uncertamty as to the number of gaps required, which will 
depend on the position of the arrester m relation to surroundmg 
grounded objects With the ground potential brought very 
near to the arrester, the potential gradient at the end near the 
line frequently becomes high enough to lomze the air between 
the cyhnders, thus carrymg the Ime potential to lower cyhnders, 
imtil the remammg gaps are so few that a discharge occurs In 
order to obtain the more equal division of the total potential 
difference and so allow of a reduction in the total number of gaps. 
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such as would be obtained by removing the whole arrestei to a 
considerable distance fiom grounded objects, a metal guard plate 
or shield is sometimes placed near the gaps at the high-potential 
end of the arrester and connected to the Ime wire as mdicated m 
Fig 119 The theory of the potential distribution over the 


Line 



“z=r“ Ground 


Pig 119 — Diagram of multiple-gap arrester 

string of insulated metal cylmders in the multiple-gap arrester 
need not be discussed here, because the problem has already been 
considered in connection with the suspension type of insulator 
(refer to Art 76, Chap VIII) It is evident that if the electro- 
static capacity between the consecutive elements of the arrester 
could be made large compared with the capacity to ground, a 
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more uniform drop of potential ovei the series of elements would 
result, thus rendermg this type of arrester more suitable for the 
higher pressures 

A special form of multiple-gap arrester is the compression- 
chamber arrester in which the pressure of the gases caused by the 
heat of the discharge is helpful in extinguishing the power arc 

116 Spark-gap Arresters with Circuit Breakers or Resetting 
Fuses. — If the resistance in series with a gap arrester is very 
small, a good path is provided to ground for taking a very heavy 



Fia 120 — Garton-Daniels arrester 
for 10,000-volt circuit 



Fig 121 — Diagram of Garton-Damels 
arrester 


discharge, but there will be a large flow of power current in the 
arc following the discharge This current may be mterrupted 
by connectmg some self-actmg device, such as a fuse or automatic 
circiut breaker m the ground connection, and arresters, whether 
of the horn type or with any other kmd of spark gap, are some- 
times provided with fuses so arranged that, when one fuse blows, 
the dropping of a lever or an equivalent device automatically 
inserts another fuse, so that the system is not left unprotected 
Even without automatic replacement, if a number of gaps wuth 
fuses are connected in parallel, it will generally be found that one 





LIGHTXIXG ARREISTERS 


337 


discharge will not blow all the fuses, and that during the passage 
of a single storm, the hne will be adequately protected 

In the Garton-Daniels arrester, for use on a c circuits up to 
20,000 volts, the principle of the multiple gap is combined with a 
simple type of automatic circuit bleaker connected as a shunt to 
some of the spark gaps, in order that the discharge path for the 
hghtnmg shall remam unaltered even durmg the operation of the 
arrester The arrester is built up of several umt parts connected 
in series, each umt bemg rated for 3,300 volts The illustration 
Fig 120 shows a complete smgle-phase arrester for 10,000 volts 
On a 20,000-volt circiut, there would be eight umts m senes, the 
total air-gap distance being in , with a series resistance 
averaging 3,800 ohms The diagram Fig 121 shows a smgle 
unit of the Garton-Daniels arrester The discharge follows the 
straight path through the two sets of air gaps and the resistance 
rod, as indicated by the round dots The power current follow- 
ing the discharge will, after passing through the two upper gaps and 
the resistance rod, be shunted by the low-resistance wmdmg of 
the circuit breaker, and if this following current is too heavy to 
be ruptured by the combined action of these two gaps and the 
resistance rod, the iron armature of the circuit breaker will be 
lifted by the action of the solenoid, thus throwing the two lower 
spark gaps in series, and extinguishing the arc 

117 . Autovalve Arrester. — ^A recent form of multiple-gap 
arrester is known as the autovalve arrester It mcludes certain 
features which are not present m the type which consists of a 
series of metal cyhnders as described in Art 115 When a charge 
of electricity is released on an overhead transmission system by 
the discharge of the thundercloud by which the charge is mduced, 
it may be necessary to provide a path to ground capable of 
carrying a very large current for a short interval of time The 
multiple-gap type of arrester with “non-arcmg’^ metal cyhnders 
will not do this satisfactorily, but the autovalve arrester provides 
a large area for the discharge between a number of semiconduct- 
ing discs ^ separated by small air gaps A column of resistance 
discs IS constructed by stacking a large number of discs with an 
air gap of about 0 004 m between them, this clearance bemg 
mamtained by means of nuca spacmg nngs which support the 
edges of the discs When a potential difference shghtly m excess 

^ Made by compressing a mixture of clay, corborundum, lamp black, etc , 
m suitable proportions, 
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of 350 volts per gap is reached, there will be a glow discharge in 
the air gaps between the discs In this manner and by providing 
the necessary surface area to the discs, very large currents may 
be discharged for short periods of time A distinctive feature of 
very great advantage of this arrester over other types of air-gap 
arresters is the fact that when the voltage drops to normal, the 
high resistance of the air gaps — ^which had been greatly reduced 
durmg the glow discharge — ^is again restored, thus shutting off the 
power current which otherwise would pass from line to ground 
This arrester is, therefore, of the valve'" type, its behavior bemg 
generally similar to that of the electrolytic and oxide-film types 
referred to in the following articles 
118, Aluminum-cell Arrester. — When two alunnnum electrodes 
are immersed m a suitable electrolyte, an msulatmg film of 
hydroxide of alu min um is formed 6n the surface of the metal, 
this effectually prevents the passage of any appreciable amount of 
current until a certain critical voltage is reached, when the film 
breaks down and the current is limited only by the resistance 
of the electrolyte On lowering the voltage, the film is re-formed 
and the flow of current agam limited to a very small amount 
With altematmg currents, the critical potential difference per 
pair of plates is about 350 volts, and the practical construction of 
lightning arresters on this principle consists m stacking a large 
number of cone-shaped aluminum plates one within the other, 
with suitable separating washers of insulating material between 
them In this manner a column is formed of a large number of 
cells in senes, capable of withstanding high voltages The whole 
IS enclosed m a case contaimng oil, which improves the msulation 
and prevents the evaporation of the electrolyte which fills the 
spaces between adjacent trays within a short distance of the edge 
If cells built up m this manner are connected directly between 
Ime and ground, there will be an appreciable current passmg 
through them, which is partly a leakage current, but chiefly a 
capacity current It is, therefore, customary to msert a spark 
gap, usually of the horn type, m series with the alummum-cell 
arrester, the gap bemg set to break down with a pressure shghtly 
m excess of the normal working voltage 
Although the film of hydroxide is formed on the plates at the 
factory before the arresters are installed, it is necessary to mam- 
tain it by periodic '^chargmg" of the cells, this bemg done by 
closmg, or nearly closmg, the spark gap m senes, so as to put the 
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full line pressure across the an ester It is generally recom- 
mended that this be done once every day 

The effect of ‘^chargmg^^ the cells, by passing an alternating 
current through the arrester, is to coat the electrodes with a thm 
insulating film of hydroxide of aluminum, the thickness of which 
is sufficient to withstand the hne voltage When this fihn is 
punctured by an overvoltage, the current passmg through the 
many minute punctures re-forms the msulatmg film and thus 
prevents the passage of any but capacity and leakage currents 
until the apphed pressure agam exceeds the critical voltage 
This particular type of arrester is, therefore, well adapted for 
the protection of large high-voltage a c systems, and m prac- 
tice it has given excellent service Its chief disadvantages are 
its high cost, the attention it requires m the matter of periodic 
charging, the impossibihty of testing its condition while m use, 
and the necessary spark gap which may be the cause of destruc- 
tive oscillations in the system It is true that, on high-pressure 
systems, the surges set up by spark gaps m series with the cells 
are unhkely to cause serious trouble, but this suggests thepossi- 
bihty of usmg simpler and less costly devices If the aJummum- 
cell arrester could be so modified that it could be permanently 
connected between hne and ground without a spark gap m senes, 
and if the necessity for daily “chargmg” could be dispensed with, 
this type of protective device would be ideal for use on high- 
voltage a c systems 

119. Oxide-film Lightning Arrester. — ^What is known as the 
oxide-film arrester has two particular operating advantages m 
that it has no liqmd electrolyte and it does not reqmre daily 
'^charging The electrodes of this arrester are circular discs 
of sherardized iron held apart by a porcelain rmg, the active mate- 
rial between the plates bemg lead peroxide (Pb02) This mate- 
nal is a fairly good conductor of electricity, but the effect of 
heat caused by an electnc discharge is to convert it mto a lower 
oxide (PbO), which is an msulator Under the action of the 
Ime voltage the growth of this non-conductmg film at the surface 
of the electrodes contmues until it is thick enough to check the 
flow of current, the electromotive force across each pair of elec- 
trodes being from 250 to 300 volts The number of cells in series 
is such that only a very small leakage current passes through the 
arrester when subjected to normal Ime pressure Nevertheless 
it IS found necessary to provide a spark gap in senes, which is one 
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of the disadvantages which it shaies with almost every other type 
of hghtmng arrester When an overvoltage occurs, i e , when the 
spark gap discharges, the insulating film of oxide is punctured 
and the discharge takes place through the lead peroxide, but the 
puncture holes are sealed up by the passage of the current 
The oxide-film arrester can be used on high-voltage a c circuits 
m places where there are no attendants and where certain other 
types of equipment could, therefore, not be used 

120 Choke Coils — ^When a hghtmng arrester is connected 
between Ime and ground m or near generatmg or sub-stations for 
the purpose of providing a path to ground for high-frequency 
surges, an mductive reactance is placed in senes with the appara- 
tus to be protected This reactance must not be so great as to 
cause a serious drop in pressure when carrying the normal hne 
current, neither must it be so small as to allow the induced charges 
travelmg along the Ime to pass through it rather than jump the air 
gap of the hghtmng arrester This reactance usually takes the 
form of an air-msulated coil of copper wire or rod, supported at 
each end on a suitable msulator The “hour-glass^’ form of coil, 
m which the diameter of the turns mcreases from the center 
toward both ends, is mechamcally stiffer than a cyhndrical coil, 
and any arc th^t nnght be started between adjacent turns has a 
greater tendency to clear itself The air space between turns is 
usually from K to % m It has sometimes been argued that, 
except for the drop of pressure under working conditions and the 
higher cost, there is no objection to mstalhng very large choke 
coils havmg a high mductance This argument is, however, 
incorrect, except for the special case in which some protection 
against surges is provided on the machme side of the reactance 
in addition to the hghtmng arresters on the hne side A high 
reactance may be quite satisfactory if it is merely intended to 
hold back high-frequency currents travehng along the line, but 
surges may ongmate near the generators or transformers due to 
switchmg operations or other causes, and a very high reactance 
between the electrical plant and the Ime will tend to aggravate 
the effect of comparatively low-frequency surges which might 
otherwise be dissipated in the hne, or even through the hghtmng 
arrester. In fact, choke coils should be designed with due 
regard to the apparatus they are intended to protect, with a view 
to avoiding the building up of high voltages at the terminals of 
the generatmg plant in the event of surges being set up in or near 
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the plant itself When the hghtnmg arrester discharges, it does 
not follow that high-frequency waves do not jBbid their way 
through the choke coil to the machines, but the mductance of 
the choke coil will lower the frequency of such waves, or, m other 
words, will reduce the steepness of the wave front to such an 
extent that the msulation of the machines will not be injured 
The first few turns of a transformer or generator winding will 
act as a choke coil and usually prevent damage to the turns 
farther removed from the terminals, but they are likely themselves 
to suffer mjury, as the charge will leap across the insulation and so 
get to ground If it is assumed that the reactance of the first 
SIX turns of a transformer wmdmg is sufficient to afford protection 
to the seventh and subsequent turns of the wmdmg, then a choke 
coil having a reactance equal to that of the six turns of trans- 
former wmdmg will afford the necessary protection to the trans- 
former A higher reactance m series is unnecessary and may be 
dangerous 

As an example of what appears to be generally sufficient to 
afford reasonable protection to modem maehmery, about 25 turns 
of copper rod wound mto a coil 10 m m diameter may be used on 
voltages from 10,000 to 25,000, while for pressures of the order of 
100,000 volts, two such coils would be connected m senes The 
diameter of the copper rod would depend upon the current to be 
earned, but it is best to have it large enough m all cases to be 
self-supporting, although cods wound on msulatmg frames, with 
separatmg pieces between turns, are not necessarily objectionable 

121, Concludmg Remarks on Lightnmg Protection. — The best 
means to adopt for the protection of any particular hne or portion 
of a hne agamst hghtnmg disturbances is stiU largely a matter of 
conjecture, but by the exercise of sound judgment, an expen- 
enced engineer should be able to provide reasonable protection 
agamst discontmuity of service durmg atmospheric disturbances 
There are many devices to choose from, each of which has a par- 
ticular field of usefulness It is probable that, m a few years’ 
time, the additional information on this subject, which is contm- 
ually bemg accumulated, will lead to uniformity m the protective 
arrangements adopted under the vanous conditions ansmg m 
practice In the meanwhde, however, a careful record of all acci- 
dents due to hghtnmg or abnormal pressure rises shouldbe kept m 

connection with each power system with overhead transmission, as 
this wdl generally lead, after careful investigation, to certam amph- 
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fications or modifications of the existmg protective arrangements 
such as to prevent the repetition of similar accidents In this 
manner, very fair protection can be afforded at the present day 
to almost any overhead transmission system, but it is doubtful 
if it will ever be possible to protect apparatus agamst a direct 
ligh tning stroke Damage to machinery due to this cause is, 
however, very rare 

In regard to the protection of the Ime itself, it is obvious that 
protective devices, however complete or perfect they may be, 
provided at the two ends of a long transmission, affoid no protec- 
tion to the msulators along the line The frequently grounded 
guard wire would appear to be a good protection to a hne, but 
here again the engineer must use his judgment, because certain 
portions of a hne may require far more protection than other 
portions, and even if the cost of guard-wire protection be con- 
sidered excessive for the entire length of a long-distance trans- 
mission, it may yet be a decided advantage to provide guard- wire 
protection near the generating and transformmg stations and 
on those parts of the Ime most likely to be affected by atmosphenc 
disturbances 

In some cases, it may be wise to improve the insulation and 
to raise the voltage at which a “spill-over” will occur, whde 
under other circumstances it might be better to provide an easy 
path for a discharge over insulators, by means of suitably dis- 
posed arcmg nngs or equivalent arrangement P H Thomas 
once explained the matter of hne insulation by making use of a 
very simple analogy Where a discharge strikes the Ime, a wave 
starts and the potential of this wave will be such as can be allowed 
by the Ime itself, the energy of the discharge is hmited by the 
static capacity of the hne and the voltage at which a “ spill-over” 
wiU occur at the msulators The energy of the travelmg waves 
“grows less and less as they proceed This action may be hkened 
to the formation of a wave m a long, narrow trough with high 
sides containmg water and normally less than half full, by sudden 
flooding of the trough by a large quantity of water at some par- 
ticular point, the excess water spiUs over and escapes from the 
trough at the pomt of the floodmg, but there is still a wave started 
m each direction as high as the sides of the trough will permit, 
this passes along until the end is reached or the energy of the 
wave IS gradually dissipated. It makes no difference how much 
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water is thrown into the trough, there can be a wave only as high 
as the sides will permit ” 

One point that is sometimes overlooked is the effect of the Ime 
current on pressure disturbances The disturbances that are set 
up by switching operations or by power arcs foUowmg a light- 
mng discharge will be far more serious when the current is large 
than when it is small This is one reason why extra-high-tension 
transmissions suffer less from hghtmng disturbances than moder- 
ate-voltage systems on which the current is often larger It is 
hardly an exaggeration to say that the handlmg of heavy cur- 
rents on long-distance transmissions presents more engineering 
difficulties than insulation probelms on the high-voltage schemes 

Very-high-voltage transmission hnes do, indeed, operate satis- 
factorily without hghtmng protection, especially when working 
at pressures near the critical voltage of the corona formation, and 
some rehef to high-pressure energy is afforded by the corona 
itself 

It will be gathered from the foregoing remarks that not only the 
pressure of transmission, but the amount of power transmitted, 
IS an important factor in the problem of hghtning protection 

It IS possible that the near future may see some developments 
in the matter of facihtatmg the dissipation of high-frequency 
energy in the line itself, with the object of rapidly limiting the 
amplitude of the travehng waves and the distance from the 
center of disturbance at which their effects can be of practical 
account It is obvious that what is required is a hne that will 
transmit, without undue loss, the power currents at normal fre- 
quency, and yet afford means for the rapid dissipation of high- 
frequency energy Apart from the property peculiar to the 
corona, which leads to the dissipation of energy on over-voltages, 
there is a property common to all metalhc circmts which leads 
to the more rapid dissipation of high-frequency than of low-fre- 
quency energy The so-called “skm effect” which apparently 
increases the resistance of a conductor carrying altematmg or 
fluctuating currents, owmg to the forcmg of the current towaxd 
the outside portions of the wire at the higher frequencies, is 
clearly of value in lumtmg the distance over which high-fre- 
quency disturbances are propagated By covermg the conductor 
with a thm layer of high-resistance metal, astomshing results can 
be obtamed Experiments made with wires having a coatmg 
of mckel only 0 07 mm thick showed that the resistance offered 
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to cuirents of 300,000 cycles per second was four times the resist- 
ance offered by the same wires without the coating of high- 
resistance metal This was referred to by Gino Campos at the 
Turm International Electrical Congress of 1911 
Much may be accomphshed by a careful study of local condi- 
tions and by the intelligent selection of such protective apparatus 
as may be available On the other hand, it is not improbable 
that the conung years will see fewer rather than more protective 
devices than are now used Careful design of the line as a whole, 
with the provision of suitable choke coils at the ends, or the 
special insulation of the end turns of the transformer windings to 
withstand very much higher pressures between turns than the 
remamder of the high-tension winding, will frequently be all that 
is necessary Even if the installation of costly apparatus may 
shghtly decrease the risk of damage by lightning, the economic 
aspects of the problem should be carefully considered before decid- 
ing to provide the additional protection 
For comparatively low voltages the use of condensers appears 
to be justified, but they are always costly, and it is questionable 
whether the money mvested m them might not with advantage 
be spent on improved msulation, especially m the immediate 
vicmity of the termmal apparatus 
It must not be forgotten that nearly all existing types of pro- 
tective devices momentarily connect the system to ground across 
what may be termed explosive distances in air. Such devices — 
as explained m precedmg articles — are always apt to cause more 
trouble than the particular disturbance they are mtended to 
prevent Instead of mvitmg an ‘^act of God” by the installation 
of more or less ingenious high-priced apparatus of uncertain pro- 
tective value, it is begmnmg to be recogmzed that economy and 
better service conditions may be obtained by the intelligent 
remforemg of insulation where this will be most effectual, and by 
the provision of carefully designed preventive resistances, react- 
ances, or condensers, which do not lead to disruptive discharge 
when abnormal voltages are mduced on the hne, and are not 
dependent upon the momentary grounding of the system to 
reheve it of the abnormal transient voltages 
It IS now customary to omit hghtmng arresters from high-pres- 
sure (220,000-volt) overhead transnaission systems, and operate 
with star-connected transformers, the neutral being either sohdly 
grounded, as m America, or groimded through a properly designed 
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lesistance or reactance, with or without a spark gap in series, 
as m Europe 

122. Continuity of Service, Localizang Faults.— Electrical 
troubles on overhead lines may be due to faulty insulators, or 
they may have their origm in lightning or switc hin g operations 
causing high-frequency oscillations and abnormally high voltages, 
leading to fracture of insulators or breakdown of machmery. 
Flash-over of suspension-type msulator units has frequently 
been caused by droppmgs from large birds, eagles, hawks, and 
even owls, roostmg or perchmg above the msulators The 
provision of saw-tooth guards or pomted rods designed to encour- 
age the birds to seek other roostmg places appears to be the solu- 
tion of this particular trouble ^ 

Troubles are more likely to be due to mechamcal defects, or 
mechamcal injuries sometimes difficult to foresee and guard 
agamst Trees may fall aci oss the Ime, land shdes may occur and 
overturn supports, or severe floods may wash away pole founda- 
tions, and agamst such possibihties the engmeer must, by the 
exercise of judgment and foresight, endeavor to protect his work. 
The width of the right of way should depend upon the height of 
trees and should be so wide that the tallest tree cannot fall across 
the wires, poles and towers should, if possible, be kept away from 
the sides of steep hills where the nature of the ground suggests the 
possibility of faUmg stones or of land shdes, and the possibih- 
ties resultmg from floods must be reckoned with Other causes 
of mechamcal failure are storms of exceptional violence, either 
with or without a heavy coatmg of ice on the conductors When 
strong winds blow across ice-coated wires, the danger is not only 
that the wires themselves may break, but also that the resultmg 
horizontal loadmg on the poles or towers may be great enough 
to break or overturn them 

Faulty mechamcal design of the Ime as a whole, and improper 
supervision or inspection durmg construction, will account for 
many preventable mterruptions to service, but even with the 
best and most substantial construction there is always the 
possibihty of trouble ansmg at some place on a tr an s mi ssion Ime 
of considerable length 

Assuming the design and construction of the overhead trans- 
mission system to be m accordance with sound engmeermg 
practice, continuity of service will still be dependent upon 

1 See Elec World, p 611, Mar 21, 1925, and p 1058, Nov 21, 1925. 
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thorough and periodic inspection and the maintenance of the hne 
m proper condition Attention to these matters is the duty of 
the operatmg and field engmeers, and it is not pioposed to discuss 
the subject m detail m these pages The practice of workmg on 
hve circuits— thus effectmg replacements and carrying out repairs 
without disconnecting the hne — ^is becoming more and more 
common ^ Methods of detectmg defective or leaky insulators 
were briefly referred to m Art 78, Chap VIII ^ 

123 Interference between Power and Telephone Lines. — 
Although the question of interference between power Imes and 
neighboimg telephone hnes is a very important one, it is also a 
difficult one to settle satisfactorily or even discuss adequately 
m a book deahng primarily with the design of high-tension trans- 
mission Imes The problem is of particular interest to the tele- 
phone engmeer who will no doubt ultimately find a satisfactory 
remedy for the very real troubles which are likely to occur — 
especially when abnormal conditions lead to unbalancing of the 
power load — when telephone wires run parallel to a c power hnes 
for a considerable distance 

It is a comparatively easy matter to calculate the flux of 
mduction which the current m the power conductors will set up 
in the loop formed by the telephone wires, and by carefully 
planned and frequent transpositions, this effect can be greatly 
reduced if not entirely overcome, but the electrostatic effects are 
probably of greater importance and are less easily remedied. 

Insulation of Telephone Lines — ^It has only lately been reahzed 
that one of the essential requirements for telephone hnes strung 
on the same supports as, or very close to, high-pressure power 
conductors, is high msulation This good msulation is neces- 
sary to prevent puncture of the msulators when high poten- 
tials are mduced on the telephone wires at times of abnormal 
conditions — such as mtermittent short-circuits, or hghtmng 
disturbances — on the power hnes As an example of good 
practice m this respect, the Georgia Railway and Power Company 

1 See Elec World, vol 79, p 501, Oct 1, 1921, also vol 75, p 1140, 
May 15, 1920, vol 74, p 993, Nov 29, 1919, and vol 88, p 707, Oct 2, 1926 

2 For further information dealmg with this particular phase of the general 
problem of mamtammg satisfactory contmuous operation, the reader should 
refer to the foUowmg articles, all of which have appeared m the Elec World 
Aug 8, 1925, Ilbe, G A, (testmg stick), Apr 12, 1924, Bennett, C E 
(aislometer) , June 16, 1923, Dobie, F C (general, with theory and 
description of methods), Oct 24, 1914 (telephone receiver) 
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has provided insulators suitable for a working pressure of 27,000 
volts to carry the telephone wires which parallel their 110,000- 
volt power lines 

Electrostatic Induction — The dielectric field due to the alter- 
nating voltage of the power conductors induces a varying charge 
upon the neighboring telephone wires If each wire of the 
telephone line were at an equal average distance from each 
conductor of the power hne, there would be no difference of poten- 
tial created between the two sides of the telephone receiver, and 
there should be no buzzing, etc due to this cause. In other 
words, with adequate, properly worked out transpositions, the 
capacity currents passing between the power hne and the tele- 
phone hne will not pass through the telephone receiver But 
even if the electrostatic flux is at all times of the same kmd and 
amount for both wires of a telephone circmt, this does not prevent 
the telephone circuit as a whole bemg subject to altematmg 
pressures relative to ground, and these pressures may reach high 
values, dependmg upon the voltage of the power hne and the prox- 
imity of the two (parallel) circmts If the telephone circuit is 
grounded, the charging current passmg between the power con- 
ductors and the telephone hne wiU find its way to ground by 
flowing along the telephone wires, and smce this current may 
amount to several amperes, trouble is almost certam to occur 
unless what are known as ^‘dramage coils” are provided If a 
choke coil with an iron core — such as the primary of an ordmary 
hghting transformer — ^is connected across the two wires of the 
telephone circuit and then has its imddle pomt connected to 
ground, the electrostatic charge will be ^^dramed” off the hne 
without mterfermg with the operation of the telephone The 
telephone hne parallehng the 110,000-volt transmission of the 
Georgia Railway and Power Company is provided with 15- and 
25-kw standard 2,300-volt distnbution transformers (with open 
secondaries) for this purpose 

When the telephone wires are earned on the same poles as the 
power conductors, the mduced potential difference between hne 
and ground may amount to thousands of volts In addition to 
draining coils, high msulation of the telephone hne is, therefore, 
required, includmg specially insulated transformers, platforms, 
etc for the protection of men working on the telephone hne 

Smce the important range of frequency m telephone conversa^ 
tion IS between 200 and 1,200 cycles per second, electric waves of 
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frequencies between these values are particularly to be avoided 
This suggests the desirability of ehminating the higher harmonics 
from the power circuit so far as possible by strivmg for a sme- 
wave of e m f and current Another reason why the higher 
harmonics are objectionable is the fact that the magmtude of the 
mductive effect on parallel circuits is proportional to the frequency 
Magnetic Induction — Referring to Fig 122, the voltage 
mduced by the single-phase power circuit AB in the loop formed 



Fig 122 — Telephone wires 
on same pole as smgle-phase 
power cirqmt 


by the wires C and D of the parallel 
telephone circuit may be calculated as 
follows if it is assumed that there are 
no transpositions and that the current 
wave IS a pure sine curve 
By formula 92 (Art 82) the flux m 
the loop CD due to the conductor A 
carrying a current I is 

and the flux due to the current — J in 
the conductor B is 

(^)] 

the total flux being 

By making the substitution and alter- 
ations as in obtaining formula (94), 


Volts mduced per nule run of the 
two parallel circuity 


0 00466/1 log 



(158) 


Smce the value of log 1 is zero, there will be no flux Imkages 
with the telephone circuit when the condition ajbc — ajbd is 
satisfied (see Fig 122) This would be the case m either of the 
arrangements shown m Fig 123 It is true that these arrange- 
ments refer to a telephone hne running parallel to a smgle-phase 
power circmt, and that m any case transpositions would probably 
be necessary m practice, at the same time, attention should be 
given to the relative positions of power and telephone hnes, apart 
from the question of transpositions, Practical methods of trans- 
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posing both power and telephone wires wiU not be considered 
here, as the number of possible conditions to be remedied is almost 
u nlim ited, but once the prmciple is understood, some means of 
obtammg the reqmred result can generally be found Transposi- 
tions on the high-tension power lines should be avoided as far as 
possible, and it should not be necessary to transpose the power 
conductors of a high-voltage transmission hne at more frequent 
mteivals than every mile 

Although formulas (157) and (158) were worked out, for sim- 
plicity, by taking the case of a smgle-phase transmission, the 
inductive effects of any number of power conductors may be 
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Fig 123 — Arrangement of wires to avoid magnetic mduction m telephone 

circuit 


calculated in a similar manner, proper attention bemg paid 
not only to the magmtude but also to the direction, or phase 
relation, of the currents in the several conductors (refer to Art 
85, Chap IX) 

The fundamental frequency / occurs m the formulas, because 
pure sine- waves are assumed, but it should be pomted out 
that disturbances due to voltages and currents of the fundar 
mental frequency have httle effect on the telephone, the chief 
trouble being due to the fact that in practice the pure sme-waves 
are not obtamed, and the higher harmomcs, even when of small 
magmtude, are likely to produce noises in so sensitive an instru- 
ment as the telephone receiver, which may render conversation 
impossible 
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It IS not proposed to discuss here the protective apparatus 
as used on telephone circuits paralleling power lines, partly 
because the subject is somewhat beyond the scope of this book, 
but also because the troubles of the telephone engineer in this 
connection have not been entirely overcome, and he is still woik- 
ing on the problem By the cooperation of power and telephone 
engineeis, much may be and has already been accomplished 
It IS unreasonable and uneconomical to look for the final solution 
of these interference problems in the wide separation between 
power and telephone circuits, but, on the other hand, with the 
growth of radio communication and the possibility of using the 
power conductors themselves for the transmission of telephonic 
messages, there will probably be less need m the future for carry- 
ing a metallic telephone circuit parallel to the power lines 
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TRANSMISSION OF ENERGY BY CONTINUOUS 
CURRENTS 

124. Histoncal. — The first attempts at transmitting energy 
electrically were made with contmuous currents In the year 
1880, or thereabouts, Gustave Cabanellas anticipated the Thury 
system by proposing to transmit energy by usmg a contmuous 
current of constant value obtained from a number of dynamos 
connected m senes In 1883 Marcel Deprez exhibited at Munich 
two Gramme dynamos, specially wound for 2,400 volts, transmit- 
tmg about 5 kw over a distance of 8 km In 1887 about 130 kw. 
were transmitted from Creil to Pans (about 53 km ), using con- 
tmuous current at 10,000 volts Later installations, mcludmg 
one of 1,000 kw from Samt-Owen to Pans and another near 
Genoa (27 km at 12,000 volts), were m successful operation until 
the year 1900 and probably later ^ At this tune it was gen- 
erally thought that long-distance transrmssions at high pressures 
would, m the future, be by contmuous currents, and m 1902 R 
Thury, workmg on the suggestion ongmally made by Cabanellas, 
developed his constant-current senes system and transrmtted 
150 amp at a Tn ayimuTn of 27,000 volts from St Maunee to 
Lausanne 

Following the work of Nicola Tesla, and the practical trans- 
mission by three-phase currents by Dohvo Dobrowolski at the 
Frankfort Exposition m 1891, and also the pioneer work of S Z de 
Ferranti who transmitted underground by smgle-phase current 
at 10,000 volts from Deptford to London, the possibihties of 
altematmg currents and the ease with which the pressure could 
be raised or lowered by static transformers led to the rapid use of 
pol 3 ^hase currents for long-distance transmission of energy 

126. Present Status and Future Prospects of A.C. Transmis- 
sion. — Of the present status of power transmission by altematmg 

^ A complete list of the eather d c transmissions usmg generators m senes 
will be found m the paper by J S Highiibij) in the (Bntish) Jm. Ind 
Elec Eng , vol 61, p 640, 1913 
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ciirr6iits, little need be added to what has already been said, 
since the piecedmg chapters have dealt mainly with the theory 
and prmciples underlying piesent-day methods of electrical 
transmission nearly all of which — especially in America — ^is by 
means of polyphase alternating currents An enormous amount 
of Iiteratuie treatmg of electrical transimssion from both the 
theoretical and operatmg points of view has been published during 
recent years, and some of the many articles and papers should 
be referred to m order to reahze what has been accomphshed, 
mcludmg the latest 220,000-volt long-distance transmissions ^ 

It is important to bear m mind that 220,000-volt transmission 
hnes can be economical only when laj-ge amounts of energy have 
to be transmitted over long distances In the future, higher 
pressures will probably be used Assuming that it should ever 
be desirable to transmit so great a distance as 1,000 miles from a 
single generatmg station, hne pressures of the order of 1,000,000 
volts might be justified, and the feasibihty of using voltages 
considerably higher than those of the present day has been 
demonstrated by tests recently conducted by the General Electric 
Company at its Pittsfield works In order to avoid excessive 
losses due to corona, hollow conductors of large diameter would 
be necessary m connection with very high voltages The use of 
higher pressures for the transnussion of greater amounts of energy 
over greater distances is not likely to stand in the way of future 
developments of three-phase transmission systems, the obstacles 
to very rapid development are chiefly due to the fact that the 
current is altematmg and not um-directional, thus mtroduemg 
certam difliculties due to the effects of inductance and capacity 
These difficulties are not always easy to foresee, and they require 
for their correction or control additional apparatus which is 
always costly, frequently complex, and occasionally unreliable 

^It IS difficult to make selections from the large amount of matenal 
available, but a good summary of what has been accomplished by the 
Southern Calif orma Edison Company transmittmg at 220,000 volts from 
their Big Creek hydroelectric plants near Los Angeles, will be found m 
Trans A I E E , vol 43, p 1222, 1924 See also particulars of the Pitt 
River and Hat Creek developments of the Pacific Gas and Electric Company 
m articles by P G Battm and S Bahfoed m the Elec Worldj Jan 27 and 
Peb 3, 1923 As an example of a modem 220,000-volt transmission in 
Pennsylvania, see the descnption of the Wallenpaupack hydroelectric 
development of the Pennsylvania Power and Light Company by A E 
Silver and A C Cloughbr m the Elec World, July 24, 1926 
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One of the questions to which engineers have recently been 
giving attention is what has been referred to as the stabihty of 
transmission systems, a term which has not been very clearly 
defined, but which mcludes somethmg more than the power limi- 
tations under normal operatmg conditions Stabihty involves 
many factors besides the electrical constants of the Ime itself 
For instance, if an electrical disturbance occurs due to any cause, 
the ability of the system to regam equihbnum, that is to say, to 
damp out or check any tendency on the part of machmes to swmg 
out of step, will depend upon a great many factors such, for 
instance, as the amount and power factor of the load at the 
instant the disturbance occurs, the location, capacity, and 
characteristics of synchronous reactors, and the nature of the 
regulation m the field windmgs of generators, whether qmck or 
slow in correcting changes m voltage 
The mathematical solution of problems mvolvmg the stabihty 
of a c transmission systems is possible when all the conditions 
and necessary data are known, but on account of the complexity 
of modern interconnected systems, it is almost impossible to 
predict exactly what will happen when the normal conditions of 
operation are suddenly disturbed A valuable collection of half 
a dozen papers bearmg on this aspect of future developments m 
power transmission by altematmg currents will be found in 
Transactions A I E E ^ Perusal of these papers will convince 
the reader that the determmation of the maximum load which a 
large transmission system may safely carry is not a simple matter, 
and that although the doctors may successfully diagnose a case 
that IS comparatively free from comphcations, they are not all 
agreed as to the most desirable remedy or as to its efficacy when 
applied The reason why considerable attention has been given 
of late years to the question of stabihty is that, with the mcreasing 
magmtude and high cost of modem high-voltage long-distance 
transmission systems, it becomes important to transmit as large 
an amount of energy as the system is capable of transmitting 
without mnning too great a nsk of endangermg the quahty or 


contmuity of the service 

1 Vol 43 pp 1-103, 1924 Refer also to the following more recent papers: 
CL^rnKB, EDia?H, “Steady-state Stability m Transmission Systems/' 
Jour. A I E E , April, 1926, Shielet, 0 E , “Stabihty Characteristics of 
Alternators” and Nickel, C A , and Lawton, ^ I' > 

Transmission Lme Power Lmuts,” both papers m Jowr A I B E , September, 


1926 
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The remainder of this chapter will be devoted to a brief investi- 
gation of what has been accomplished and what may yet be done 
m the matter of long-distance transmission by means of contmu- 
ous currents 

126 General Description of the Thury System. — In the Thury 
system of electric power transmission by continuous currents, 
the current is constant m value and the pressure is made to vary 
with the load All the generators and all the motors are con- 
nected in senes on the one wire, which may be in the form of 
a closed loop serving a wide area, or it may consist merely of the 
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Fig 124 — Diagram of connections — Thury sorios system 


outgoing and returning wires between a power station containing 
all the generators, and one or more substations, with motors, at 
the end of a direct transmission The diagram Fig 124 shows a 
typical arrangement of machmes for a small installation on the 
Thury system In this example there are four generators at one 
end of the Ime and seven motors of various capacities at the other 
end of the hne, all the machmes being connected m series and 
provided with short-circuitmg switches The connections are, 
however, so simple that the diagram is self-explanatory The 
voltage at the terminals of any one dynamo is hmited, because the 
necessity for a commutator renders it impossible to wmd a con- 
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tmuous-cunent machine foi so high a pressure as may be obtained 
from a c machmes The limitmg pressure per commutator on 
the existing Thury systems is 5,000 volts, this bemg on the 
machines of the Metropolitan Electric Supply Company of 
London the lowest is 1,300 on a small two-generator plant m 
Russia 

In order to obtam the high pressures required for ecor^omical 
transnussion over long distances, it is necessary to connect many 
generator units in series, the diflSculty of msulation between 
machmes and ground bemg overcome by mountmg the dynamos 
and motors on insulators and providing an msulated couphng 
between the electric generators and the pnme movers An insu- 
latmg floor is also provided 

When a machine, whether generator or motor, is not in use, 
it IS short-circuited through a switch provided for this purpK)se 
As the motor load vanes, generators are switched m or out of 
circuit, thus varying the total voltage When it is required 
to switch in an additional generator, the machme is brought up 
to speed until it gives the proper Ime current before the short- 
circuitmg switch is opened to throw the machme in senes with 
the line To start up a motor, the short-circuitmg switch is 
opened when the brushes are in the position of zero torque 
The brush rocker is then gradually moved round, and the motor, 
startmg from rest, mcreases m speed until the brushes are in the 
required position, the actual speed, for any particular position 
of the brushes, bemg dependent upon the load 

The motors may be distributed anywhere along the Ime, 
either on the premises of private users of power, where they may 
be directly coupled to the machmery to be driven, or m substa- 
tions, coupled to constant-pressure electnc generators givmg a 
secondary supply for lightmg and power purposes In most of 
the Thury undertakmgs m Europe, this secondary supply is 
three-phase alternating current 

A senes-wound dynamo machine, with a current of constant 
value passmg through field-magnet and armature wmdmgs, is 
essentially a constant-torque machme In the case of a motor, if 
the load is decreased, the motor will mcrease m speed and tend to 
^^run away^^, with mcrease of load, the motor will slow down, and 
m time come to a standstill In regard to the generators, the 
ideal pnme mover is one which will give a constant torque, 
such as a steam engine with fixed cut-off and constant steam 
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pressure, and a single geneiator so driven would be practically 
self-regulatmg and maintain constant current regardless of load, 
as the speed and, therefore, the pressure at terminals would 
vary m accordance with the motor load The generators are, how- 
ever, usually driven by prime movers which are far from fulfilling 
the ideal conditions Most of the Thury stations are driven by 
water turbmes, which are most efficient as constant-speed 
machines, while the maximum torque at low speeds is generally 
about twice the torque under conditions of highest efiiciency at 
normal speed 

Just as various devices are provided, when working on the 
parallel system, to maintain constant pressure of supply, so in 
the series system it is necessary to provide regulating devices to 
mamtain a constant current Regulators controlled by the mam 
current or by a definite fraction of the mam current passmg 
through a solenoid can be made to act on mechanism designed 
to vary the speed of the prime movers This method is quite 
practicable, but where the type of engine, such as a water wheel 
under constant head, is not suited to variable-speed running, 
the machmes may be run at constant speed, and the automatic 
device made to alter the magnetic field cut by the armature 
conductors, this being the only alternative means of varying 
the voltage generated The alteration of the effective magnetic 
flux may be accomphshed 

1 By shunting a portion of the mam current so that it shall 
not all pass through the field wmdmg 

2 By shifting the position of the brushes on the commutator 

A combmation of both methods appears to give satisfactory 

results The method (1) alone is likely to lead to sparking 
troubles because of the relatively greater armature reaction due 
to the weakemng of the field, and, in practice, it is found mad- 
visable to shunt more than one-third of the total current It is, 
of course, understood that the large variations of voltage are 
obtamed by connectmg more or fewer generators m series on the 
hne 

The motors, whether connected directly to the machmery of 
mills or factories or used for drivmg sub-generators of the con- 
stant-pressure type, are usually reqmred to run at constant speed 
Their regulation is effected by a small centrifugal governor which 
rocks the brushes by acting on mtermediate mechamsm driven 
by the motor itself The reversal of a motor is most simply 
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effected by shifting the brushes round through the no-voltage 
position until the current reverses in the armature coils 

A short-circuit on a motor merely removes that portion of 
the total load from the system, and the regulators on the gener- 
ators will readjust the pressure accordmgly If a short-circuit 
occurs on a generator, the prime mover may be protected from 
the shock by a slipping couplmg, which is commonly provided 
If, owing to the failure of a prime mover, a generator tends to 
revel se and be driven as a motor, it may be short-circuited by a 
switch that can very easily be made to operate automatically on 
reversal of current 

127 Straight Long-distance Transimssion by Continuous 
Currents ^Although high-pressure direct current may be used 
on the loop system with any number of motors or motor substa- 
tions distributed along the hne — and, if desired, with any number 
of generating stations at smtable pomts on the loop — ^it will 
generally be found that a parallel constant-pressure system is 
preferable for covermg a large mdustrial area, the simple reason 
bemg that, with the series system havmg a load more or less 
uniformly distributed along the loop, the system is a high-ten- 
sion transmission at the start only, smce the required voltage 
decreases with the distance from the generatmg plant It is true 
that the cost of the msulation may, therefore, be less than for a 
system on which the pressure is high throughout, but that can be 
said of any low-tension system The pomt is that, m the case of 
the series loop servmg a wide district, with power taken off at 
intervals along the hne, the average pressure at which power is 
supphed to the motors or substations is only about half that 
which is supphed to the hne where it leaves the power station 
It must not be concluded that the Thury system is not well 
adapted to supplying several motor substations It is an easy 
matter, as previously mentioned, to connect any number of 
motors m series on the hne, but m order to get the full benefit 
of the series system these substations should all serve a com- 
paratively small district at the distant end of the transmis- 
sion hne 

Apart from these considerations, and notwithstandmg the 
advantages of a long-distance straight transmission, the Thury 
system would appear to be admirably adapted to serve as a link 
between otherwise isolated power plants m an mdustnal or thickly 
populated district of considerable area By means of this 
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system there is not the slightest difficulty m putting in senes 
a number of generatmg stations on the one power line, and 
stations supplying alternating current of various voltages and 
frequencies can thus be hnked together with the greatest ease 
and simphcity 

128. Insulation of Line when Carr3nng Continuous Currents — 
The question of sparking distances and the behavior of insulating 
materials when subjected to continuous-current pressures of 
high values is of the greatest importance when considering the 
relative values of the Thury system and the moie common three- 
phase high-tension transmission On the assumption of the 
theoretical sine-wave, the maximum instantaneous value of an 
alteinatmg emf is \/2 times the root-mean-square value, and 
comparisons between a c and d c transmission are usually made 
on this basis, which makes the allowable contmuous-current 
pressure to ground or between wires, for the same msulation and 
spacmg, times the workmg pressure of an a c system The 
ratio should, however, be based on experimental data, and, with 
a view to obtainmg defimte and conclusive mformation on this 
pomt, Mr Thury conducted some years ago a very complete set 
of comparative tests with high voltages, both contmuous and 
alternating. The results of these tests are probably more favor- 
able to the a c systems than would have been the case had 
they been conducted on existmg high-pressure power trans- 
mission systems, because the experimental alternator used in 
the tests gave a rather flat-topped emf wave without any 
irregularities The tests conducted to determine the compara- 
tive pressures at which various insulating materials would be 
punctured all tend to show that, with continuous currents, 
somethmg more than twice the alternatmg pressure is required 
to puncture the insulation, and, m regard to sparkmg distances, 
the d c voltage necessary to spark over a given distance is, on 
the average, double the a c voltage In fact, this very complete 
senes of tests seems to mdicate that any existmg transmission 
hne designed for a defimte maximum workmg pressure with 
alternatmg currents is capable of bemg used to transnut contmu- 
ous currents at twice this pressure It is also mterestmg to note 
that insulators which become hot when subjected to high*ac. 
voltages remam cool when tested with contmuous currents In 
fact, the leakage losses on the Thury transmissions are small 
The total leakage loss over about 3,000 msulators on the St. 
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Maunce-Lausanne tiansmission (a distance of 35 miles), evenm 
damp weather, is something of the order of 900 watts 
It IS usual to employ two msulated wires for d c high-pressure 
transmission, but under certam conditions it might be quite 
satisfactory to use the earth as the return conductor The 
arrangement with two wires and the entire electric circuit insu- 
lated from earth is usual for pressures up to 25,000 volts It has 
the advantage over any grounded system that any pomt on the 
circuit may become grounded without causmg a stoppage, and 
repairs can leadily be earned out by temporarily groundmg two 
more points, one on each side of the fault The facihty and 
safety with which repairs on the high-tension system can be 
cairied out by groundmg the pomt where the work is bemg done 
IS another advantage of this arrangement 
If a ground connection is made at both ends of the two-wire 
transmission, the ground wire being so situated as to balance 
the load as well as possible, an arrangement equivalent to the 
ordmary three-wire system is obtained The pressure between 
wires may then safely be doubled because the potential difference 
between any one wire and earth can never exceed half the maxi- 
mum pressure of transmission On the other hand, some of the 
advantages of the non-grounded system are lost 
A d c transmission to any economic distance by means of a 
smgle wire, usmg the earth as the return conductor, is by no 
means an impossible scheme The ground resistance is practically 
zero, the loss of pressure bemg almost entirely m the immediate 
neighborhood of the groundmg plates. Tests made on the St. 
Maunce-Luasanne Ime (35 miles) gave a total ground resistance 
of 0 5 ohm Contmuous currents of the order of 100 amp return- 
ing through the earth do not appear to be objectionable m any way 
By takmg the ground coimections to a considerable depth below 
the surface, the current density at ground level would everywhere 
be so small that mterference with opposmgmterests would hardly 
be possible ^ 

1 Lausanne, Switzerland, was supphed contmuously for more than a year 
from the St Maunce station through a smgle conductor, the return bemg 
through the earth The current was 150 amp , iron ground plates were used, 
and it was found that, after the first layer of oxide was formed, oxidization 
was very slow The total resistance of the ground conneefaons was about 
1 6 ohms, and there was no trouble with neighbormg telephone Imes 
In London, J S Highfield of the Metropohtan Electric Supply Company 
tried the experiment of puttmg Hie return cable of his 90-amp Thury 
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129. Relative Cost of Conductors : Continuous Current and 
Three-phase Transmissions. — In order to study the relative 
costs of conductor material required for the series d c system 
and the more common three-phase a c transmission, a basis of 
comparison is necessary, and the following assumptions will be 
made 

1 Same distance of transmission, no tappmg of current at 
intermediate points 



Fig 125 Fig 126 

Figs 125 and 126 — Companson of voltages on direct-current and three-phase 

systems 


2 Same total amount of power transmitted 

3 Same power loss in conductors (losses due to leakage and 
capacity of Imes are neglected) 

4 Same msulation used on both systems 

This last condition is practically equivalent to stating that the 
maximum value of the voltage shall be the same It is proposed 
to consider the foUowmg four conditions 

a Same maximum pressure above ground, the d c voltage 
bemg \/2 times the a c voltage (sine- wave assumed) 



transmission m parallel with the ground, and it was found that 30 amp still 
returned through the cable, with 60 amp through the ground Very low 
ground resistance may be obtamed by burying the ground plates a consider- 
able distance belgw the surface, 



TRANSMISSION BY CONTINUOUS CURRENTS 361 


where E and Ea stand, respectively, for the continuous and 
alternating voltages to ground (see Figs 125 and 126) 

h Same as (a) , but d c voltage double the alternating voltage 


■Q , Ea 1 

Ratio ^- = 2 


(160) 


c Same pressure between wires, the allowable d c pressure 
being times the a c pressure 


2E 


1 ^ Ea V2 

V2 ^ Vz 


(161) 


d Same as (c) , but d c pressure double the a c pressure 
_ 1 i... Ea _ 1 ^Jg2) 


2E 


1 ^ Ea 

“ 2' - VI 


To satisfy the condition of equal total power, the equation is 
2E XI = SEJa cos e (163) 

and for equal Ime losses, 

2PR = Zla^Ra (164) 

where I is the current per conductor m the d c transmission, 
and R the resistance per mile of single conductor, while la and 
Ra are the corresponding quantities for the three-phase 
transmission 

In either system the total weight (and cost) of the conductors 
number of conductors 

IS proportional to resistance of each conducted 
relation, 

Cost of conductors, d c system _ 2Ba 
Cost of conductors, three-phase system ZR 

but Ra can be expressed m terms of R thus 
By formula (164) 


Ra — 


2PR 


and by formula (163) 


I = 


or 


P = 


3Ia^ 

SEala COS 0 

2E 

QEa^la COS* B 


( 166 ) 
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which, when put for P in formula (166), gives 

cos2 exR 


Ra = 


2E^ 


( 167 ) 


EJ 


cos2 d (165a) 


Thus the equation (165) becomes 

Cost of conductors, d c system 
Cost of conductors, three-phase system E^ 

Assummg the very common value of 0 8 for the power factoi 
of the three-phase system, the numerical ratio for the four con- 
ditions previously stated would be 
a For same maximum pressure to ground, with sine-wave 
assumption, 

D c cost _ cos^ ^ ^ oo 

Ac cost 2 

b Same as (a), but allowable d c pressure assumed to be double 
the a c pressure. 


D e cost _ cos^ 6 
A c cost 4 


- 0 16 


c For same maximum pressure between wires, with sine- 

wave assumed, 

D c cost 2 « - A ^0/3 

'T 7 = o cos^ 0= 0 426 

A c cost 3 

d Same as (c), but allowable d c pressure assumed double 
the a c pressure, 

D C cost 1 9 . A 010 

-T 7 = o <50s^ 0=0 213 

A c cost 3 


The transnnssion line, apart from the cost of conductors, would 
be cheaper for the d c than for the three-phase scheme because 
there are fewer insulators required and only two instead of three 
conductors to strmg, and if a grounded guard wire is erected 
above the conductors, it is more convenient to arrange this over 
the two d.c conductors than over the three a c wires, and it 
would not necessitate the same total height of tower The 
important savmg is, however, m the conductors themselves 
Takmg the figure most favorable to the d c scheme (6), the a c 
conductors to transmit the same power with the same loss would 
cost six and a quarter times as much as if d c transrmssion were 
used, and even under the assumption (c), most favorable to the 
three-phase scheme, the cost would still be 2 35 times the cost 
of the d.c, conductors F or the purpose of getting out preliminary 
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estimates, it is certainly safe to assume that, if the power 
factor of the three-phase load may be taken as 0 8, the cost of 
conductors on a long-distance d c transmission would be only 
one-quaiter of the cost of conductors with the a c scheme on the 
assumption of equal I^R losses 

If a ground return were used on a straight long-distance trans- 
mission — a perfectly feasible arrangement — ^the cost of copper 
for the same total I^R loss would be only one quarter of the cost 
of a two- wire transmission, smce the loss m the ground return 
would be neghgible The cost of copper would then be only 
about one-sixteenth of the cost of copper on the equivalent 
three-phase transmission, a pomt which suggests that the Thury 
system is worthy of more senous consideration than it has so far 
received outside of Europe It is not suggested that comparison 
on the basis of equal Ime losses is necessarily correct or justifiable 
on economic grounds, but this does not render the above com- 
parisons less mterestmg 

130. Concludmg Remarks on the D C. Senes System. — As 
an indication of what has been done in Europe smce the mtro- 
duction of the Thuiy system more than a quarter of a century 
ago, it may be stated that there are at present about 16 separate 
transmissions in operation, m Switzerland, Italy, France, Hungary, 
Spam, Russia, and England The shortest length of loop is 12 4 
miles (Batoum, Russia), with a Ime pressure of 2,600 volts The 
longest IS 248 miles (124 miles straight transmission), this bemg 
the Moutiers-Lyons Ime at a maximum pressure of 100,000 volts, 
the current being 150 amp 

In England, the d c senes system has been adopted by the 
Metropohtan Electric Supply Company of London on its Western 
section The plant has been m operation smce March, 1911, 
and given entire satisfaction The current is about 100 amp 
but can be varied from 70 to 120 amp without causmg trouble 
through sparkmg on the commutators The commutators 
measure 5 ft m diameter and 6^ in m length They have 
1,439 segments and run sparklessly at 5,000 volts between brushes 
The machmes have six poles and only two sets of brushes 

An mterestmg account of the Thury system, by Wilham Baum, 
with brief descriptions of the important European plants, will 
be found on page 1026 of the GcTierdl Eloctnc Rcvtcw of November, 
1915 1 

^ See also article by Dr Louis Bull in Elec Worlds p 361, Feb 14, 1914, 
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As an example of what might be done at the present time in 
the way of d c transmission on a large scale, it is clear that no 
difficulty need be experienced m building dynamos of a large size 
with 5,000 volts on one commutator Assuming a current of 
300 amp , which would probably be transmitted by two conduc- 
tors connected in parallel, the output of each machine would be 
1,500 kw and two of these might be coupled to one prime mover 
With two commutators per machme, the output would be 
3,000 kw , and with four commutators, 6,000 kw per unit Six 
machines in senes, each with four commutators, would have a 
total output of 36,000 kw at 120,000 volts There would be 
practically no new or experimental engmeermg work in connec- 
tion with such a scheme 

Electrical engineers on the American continent are rather 
mclmed to the belief that when energy has to be transmitted 
from one place to another, the one and only course open to them 
IS to adopt the three-phase a c system It is not suggested that 
at the present time this may not, in the majority of cases, be the 
best system available, but undoubtedly there aie conditions 
under which the continuous-current series system would prove 
more economical and reliable Of course, first cost of plant and 
operating charges have to be taken into account when comparmg 
different systems, and the most satisfactory way of doing this 
is to reduce all estimated costs to the common basis of annual 
charges The cost of the d c generators must be set against the 
combmed cost of alternators and exciters and step-up transformers 
with all intermediate switchgear 

In this connection the writer cannot refrain from quoting a 
paragraph which appeared in one of the leading articles m the 
Electrical World of New York, in which reference is made to the 
fact that transmission by contmuous currents has received con- 
siderable attention m Europe 

Any engineer who wanders through one of the large Thury stations 
and then calls to mind the usual long concrete catacombs bristling with 
high-tension insulators and fiUed with dozens of oil switches, scores of 
disconnectmg switches, webbed with hundreds of feet of high-tension 
leads, and spattered with automatic cutouts, will stop and think a bit 
before he complacently smffs at high-tension d c transmission 


In regard to reliabdity it is true that, on the Thury system, the 
generators have not the protection agamst lightning disturbances 
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which the step-up transformeis afford to the alternators on high- 
tension three-phase systems, and wheie thunderstorms aie 
prevalent, this must not be overlooked, as the cost of protective 
apparatus may prove excessive In this connection it is mterest- 
ing to note that the charges of electricity m the upper atmosphere 
aie always positive, and the negative wire will, therefore, tend to 
draw a hghtmng discharge away from the positive wire or grounded 
guard wire, but to how great an extent this would affect the 
proper disposition of the wires it is difficult to say 

The following is a brief summary of the important points m 
favor of, and unfavorable to, the employment of contmuous 
currents on the series system for the purpose of transmittmg 
energy at comparatively high voltages from one place to another 


Advantages of the D C Senes System 

1 The power factor is umty — a fact which alone accounts for 
considerable reduction of transmission losses 

2 Higher pressures can be used than with altematmg current, 
the conditions, as shown by actual tests, bemg more favorable to 
d c transmission than is generally supposed Without any 
alteration to msulation or spacmg of wires, approximately double 
the working pressure can be used if direct current is substituted 
for alternating current Moreover, the msulation is subjected 
to the maximum pressure only at tunes of full load, whereas on 
the parallel system the insulation is subject to the full electrical 
stress at all times 

3 There is no loss of energy through dielectric hysteresis” 
in the body of msulatmg materials 

4 The necessity for two wires only, in place of three, effects a 
savmg in the number of insulators required and allows cheaper 
line construction 

5 Where it is necessary to transmit power by underground 
cables, contmuous currents have great advantages over altematmg 
currents Smgle-core cables can be made to work with con- 
tmuous currents at 100,000 volts By usmg two such cables and 
grounding the middle pomt of the system, it is, therefore, quite 
feasible to transmit underground at 200,000 volts 

6 The practicable distance of transmission, especially when 
the whole or a part is underground, is greater than with alternat- 
ing currents 
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7 There are no induction or capacity troubles and no surges 
or abnormal pressure rises due to resonance and similar causes, 
such as have been experienced with alternating currents This 
virtually makes the factor of safety on insulation greater than on 
a c circuits, even when the working pressure is doubled 

8 A number of generatmg stations can easily be operated in 
series, and when the demand for power increases, a new generat- 
ing station can be added on any part of the Ime if it is inconven- 
ient to enlarge the original power station 

9 The simphcity and relatively low cost of the switchgear is 
remarkable A switch-pillar with ammeter, voltmetei, and 
four-point switch is all the necessary equipment for a generator 
The switch-pillar for a motor includes, in addition, an automatic 
bypass which bridges the motor terminals m the event of an 
excessive pressure rise This compares very favorably with the 
complicaftion and high cost of the switching arrangements in 
high-tension power stations on the parallel system 

10 With the Thury system any class of supply can be given, 
and the motors can be made to drive sub-generators capable of 
runnmg m parallel with any local electric generating plant 

11 In hydrauhc generating stations where the variations of 
head are considerable, as will generally be the case if there is no 
storage reservoir, a greater all-round efficiency can be obtained 
than if the machines had to be driven at constant speed 

12 For any industrial operation requiring a variable-speed 
drive at constant torque, the Thury motor, without constant- 
speed regulator, is admirably adapted It noight have a useful 
apphcation m the dnvmg of generators supplying constant cur- 
rent to electric furnaces m which the voltage across electrodes 
is continually varying 

Disadvantages of the D C Senes System 

1 It IS necessary to provide msulatmg floors and to mount 
all current-carrying machmes and apparatus on msulators The 
highly msulated couplmg required to transmit, mechamcally, 
large amounts of power between prime mover and electnc gener- 
ator IS also objectionable. 

2 The generators are small, the output of each generator 
being limited by the hne current and the permissible voltage 
between the collecting brushes on the commutator One prune 
mover is usually coupled to two or more d c generator umts 
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This, however, is necessarily more costly than if larger electric 
generators could be used, moreover, it practically hmits the 
choice of hydraulic turbines to the horizontal type, since the 
coupling of seveial generators on the shaft of a vertical water- 
wheel would be difficult and unsatisfactory 

3 With constant current on the line, the line losses are the 
same at all loads, and the percentage power loss in conductors is 
inversely proportional to the load This is exactly the reverse of 
what occurs on the a c parallel system, m which the percentage 
hne loss is directly proportional to the load It should, however, 
be mentioned that on the Thury system the line current may be 
reduced about 30 per cent at times of light load, except when the 
circuit feeds motors of industrial undertakings requiring constant 
current day and night It must not be overlooked that large 
percentage losses at times of light load are of serious moment 
only where steam engines are used or where storage reservoirs 
are provided for water power generating stations In the case 
of water power schemes without storage, the fact of the full- 
load line losses continuing durmg times of light load is not 
objectionable 

4 The senes system is loss suitable than the parallel system 
for distribution of power in the neighborhood of the generating 
station It %s e^senUally a transmission system, not a distributing 
system 

5 The water turbine working under constant head is not the 
ideal engine for dnving constant-current machines 

6 Special regulating devices are necessary to maintain 
constant speed on the motors 

7 It IS impossible to overload the motor, even for short 
peiiods. This would be a very serious objection to the use of 
these motors m connection with electric traction systems 

8 There is greater likelihood of damage and interruption from 
the effects of lightning It may be said that an overhead line, 
whether for alternating or direct current, is always hable to 
damage by hghtmng, but with the high-tension a c system, the 
transformers and automatic oil switches will usually protect 
the generators themselves from serious damage, while with the 
Thury system there is always a path for hghtmng discharges 
through the generators and motors, and the damage done may 
be very great This simply means that particular attention 
should be given to the question of lightning protection on over- 
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head d c lines, and the ease with which highly inductive choke 
coils can be introduced on a d c system, without opposmg any 
obstacle (except ohmic resistance) to the passage of the hne 
current, tends toward the attamment of increased safety 
The use of underground cables, which are particularly suitable 
for d c transmission, would dispose of the possibility of interrup- 
tion from hghtmng, or a comparatively short length of under- 
ground cable in the neighborhood of the generatmg stations and 
substations would probably afford satisfactory protection With 
very high voltages, reqmrmg hne msulators capable of with- 
standmg pressures of the order of 300,000 or 400,000 volts without 
arc-over, disturbances due to hghtmng would probably be as 
rare as they are on existmg 220,000- volt a c transmission Imes. 

131* Commutation of High-pressure Altematmg Currents. 
The Transverter. — In order to transform alternating currents 
mto continuous currents, it is not necessary to use a motor-genera- 
tor set or a rotary converter, because a commutator, driven at 
synchronous speed by a small synchronous motor, may be used 
to effect the transformation If desired, the commutator may 
be stationary m which case the brushes would have to revolve, but 
a device of this nature always mvolves the rotation at synchro- 
nous speed of either brushes or commutator The idea is not new, 
machmes which operated on this principle were proposed many 
years ago by Hutin and Leblanc, Arnold and La Cour, and others 
DiflSculties m obtaimng satisfactory commutation led to the 
abandonment of this type of machme 
In 1924, a machme named the Transverter was exhibited at 
the British Empire Exposition at Wembly (London) This was 
rated at 2,000 kw to dehver 20 amp at 100,000 volts direct 
current It appears to be a development of the Arnold and La 
Cour synchronous converter, the most noticeable difference bemg 
the construction by which a number of commutators are connected 
in senes Although no new principle appears to be mvolved, 
the mventors, W E Highfield and J E Calverly, and the 
manufacturers, The Enghsh Electric Company, Ltd , are to be 
congratulated upon the production of a well-designed practical 
machme which appears to operate satisfactorily The test of 
time and the performance of larger machmes are necessary to 
determine whether or not the device will prove efficient and 
economical for the transmission of energy over long distances, 
but commutation troubles — especially with revolving brushes — 
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may piove insurmountable, and the high cost of the machine, 
due partly to the large number of connections between trans- 
former coils and commutator segments, may be an obstacle to 
its adoption 

From what has been said, it is obvious that the transverter is 
reversible, the umt at the sending end of the d c transmission 
line would transform the alternatmg current into continuous 
current on the high-tension side of the step-up transformers, while 
the machine at the receiving end would convert the contmuous 
current back into alternating current The transmission would 
be by constant-pressuie contmuous current mstead of constant- 
current continuous current as in the Thury system 

The machine at Wembly was provided with 10 commutators 
connected in series, each commutator being connected to a 
36-phase system by means of tappings to the high-tension wind- 
ings of transformers 

A complete illustrated description of the Transverter will be 
found in Engineering (London) May 2, 1924 Refer also to the 
Electrician (pp 567, 673), May 9, 1924 
132 Lookmg Ahead. Future Possibilities of D C. Trans- 
mission. — Although the Thury system of constant-current trans- 
mission appears to give satisfaction where it is in use, the fact 
that it is not more generally adopted seems to mdicate that 
transnaission of energy on a large scale by contmuous currents 
must be looked for along other lines The advantages of d c 
transmission being fairly obvious and generally recogmzed, it 
IS safe to predict that, within 10, 20, or 30 years, long-distance 
transncassion by high-voltage contmuous currents will be an 
estabhshed fact, and this notwithstanding the enormous and 
rapidly mcreasmg capital mvestment m three-phase high-tension 
transmission lines and the so-called superpower networks 
At the close of 1919, Dr Dohvo-Dobrowolski, the great pioneer 
m the three-phase a c field, championed d c high-tension trans- 
mission as the system of the future At the present day many 
scientists and engineers are working on the problem which, 
when solved, will make it possible to transmit with a given weight 
(and cost) of copper about three times the kilowatts that can 
safely be transmitted by means of alternatmg currents 
It is probable that the final solution will not mvolve the use of 
dynamo-electric machines provided with commutators, or of 
devices mcludmg mechanically dnven commutators, but very 
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rapid progress has been made of late years m the development of 
the mercury arc rectifier which, at the present day, is suitable for 
d c. railway operation at 4,000 volts 

Some authoiities thmk that hot-cathode tubes are not likely to 
be the solution of d c long-distance transmission, ^ but the work 
done by Dr Hall of the General Electric Company suggests great 
possibilities for the high-voltage kenotrons The solution sug- 
gested by D C Prmce“ involves the use of inverted electronic 
rectifiers or pilotrons, the d c current of the transmission line 
being re-converted into three-phase alternating current by inverted 
kenotrons, a synchronous motor being used to obtain the desired 
frequency and also to provide the “wattless” or reactive com- 
ponent of the power 

Continuous currents are of great advantage in the transmission 
of energy by underground or submarine cableS;> and the following 
chapter will deal briefly with the problems of underground electric 
power transmission 

1 OssANNA, J , Elektrotech Zeit , pp 1061-1063, Aug , 17, 1922 

2 Gen Elec Rev , vol 28, p 676, 1925 
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TRANSMISSION OF ENERGY BY UNDERGROUND 
CABLES 

133 Introductory — The principal use of underground electric 
cables is in connection with distributing systems in cities, at 
comparatively low pressures, but they are also used, to a limited 
extent, for the transmission of energy at fairly high voltages 
In this chapter, underground cables will be considered chiefly 
in relation to straight long-distance transmission of energy, and 
what follows will, therefore, treat mainly of power cables for the 
transmission of energy at high voltages No attempt will be 
made to deal with the historical aspect of the subject, or with the 
practical considerations connected with the handhng, lajung, and 
jomting of underground cables, neither will space permit even of 
the briefest treatment of subjects such as manufacturers' tests 
and the location of faults m cables, including protective devices 
designed to isolate or cut out faulty sections of a transmission 
system, but the construction engineer or student desinng more 
information than can be contained m a smgle chapter is referred 
to the many excellent publications on the manufacture and use of 
high-voltage cables ^ 

Notwithstandmg the higher cost of underground transmission, 
it replaces overhead transmission, for comparatively short 
distances, m many cases where the latter system is not suitable 
High-tension underground cables are used m populous districts 
where overhead construction is not permissible or advisable 
The underground cable is not subject to damage by wmd, ice, 
or thunderstorms, and the danger to life is obviously reduced by 
placmg the high-voltage conductors underground The unsightly 
appearance of poles and overhead conductors m the neighborhood 
of cities IS another reason for puttmg wires underground, not- 

^ Bhavbe, C J , “Insulated Electric Cables,” Ernest Benn, Ltd , London, 
Del Mar, W A “Electric Cables,” McGraw-Hill Book Company, Inc , 
Mbybb, E B , “Underground Tiansmission and Distnbution,” McGraw- 
HiU Book Company, Inc 
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Withstanding the mciease of cost This consideiation has more 
weight m Europe than m America and partly accounts for the 
fact that Europe is, and always has been, somewhat m advance of 
America in the design and manufacture of underground electric 
cables The shorter distance of transmission, resulting in lower 
econonucal pressures on the Old World systems, is another reason 
why underground power cables are more extensively used m 
Europe than on the American continent The writer has, there- 
fore, no hesitation m using data and other information referrmg 
mamly to modern British practice, especially smce he has been 
able to secure the collaboration of C J Beaver, chief engineer to 
W T Glover and Company of Manchester, England, who has 
kindly furnished much useful advice and material for this chapter 

Even when it is madvisable to transimt by underground cable 
the whole distance of transmission, sections of the line passing 
through populous districts may be put underground, while over- 
head conductors are used in the open country Also, as men- 
tioned m the preceding chapter, a short length of underground 
cable IS desirable as a protection agamst high-pressure surges, 
at each end of a long overhead transmission line, provided the 
voltage is not so high as to render the cost prohibitive 

Another use for insulated cables is as feeders on electric railway 
systems In the trunk-lme electrification of the New York 
Central Railroad, there are no less than 1,600,000 duct-ft of 
condmt for msulated feeder cable Some of these ducts are of 
tile, but iron pipe is also used 

The Thury system of transmission by continuous currents, 
which was explamed m Chap XII, lends itself to the extensive 
use of underground cables Smaller and cheaper cables may be 
used for the same voltage and energy transmitted on a d c than 
on an a c transmission J S Highfield has shown^ that if the 
overall diameter of a 100,000-volt smgle-core lead-covered cable 
for altematmg currents is 3 27 m , the equivalent cable for 
100, 000- volt contmuous current would have an outside diameter 
of only 1 75 in. It is true that the comparison is between the 
rms values and not the maximum values of the voltage, but 
it serves to show that a considerable reduction of size and, there- 
fore, of cost IS effected when cables are used on d c instead of a c 
systems. 

^ Discussion of C J Be avejr’s paper on “Cables, Jowr Inst Elec Eng, 
vol 53, Dec 15, 1914 and Mar 1, 1915 
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During the last few yeais very rapid progress has been made in 
the improvement of high-voltage msulated power cables Con- 
siderable advance has been made m raising the voltage hmitations 
of commercial cables, but still greater headway has been made m 
the reduction of dielectric losses 

134. Submarine Power Cables — When transmitting electric 
energy across water which cannot be spanned by oveihead 
conductors, the msulated cable becomes a necessity Two 
examples of submarine power transnussion occur m San Fran- 
cisco, where a three-phase 12,000-volt cable miles long has 
been laid across the bay, and two 11,000-volt cables have been 
laid across the Golden Gate The carrying out of the latter 
project IS described in the Electrical World (Vol 67, p 532), Mar 
4, 1916 The greatest depth of water at this point is 210 ft The 
cables are three-core, each 13,500 ft long, the cores bemg insu- 
lated with rubber (inside) and varnished cambric (outside) 
Impregnated jute is used as a filler The lead sheath is %2 
thick, and the armoring consists of 42 No 4 B w g galvamzed- 
steel wiies The deep-water portion of the cable has cores of 
250,000 circular nails section, with an outside diameter of 4 m , 
and a weight of 19 lb per foot At the shore ends, the cores are 
of 350,000 circular mils section, with an overall diameter of m 
and a weight per foot of 22 lb More recently, the Great Western 
Power Company has laid an 8-mile length of 11,000-volt three- 
phase cable under San Francisco Bay, a description of which 
will be found m the Electrical World of Feb 17, 1923 The same 
power company has also laid two three-conductor 44,000-volt 
submarine cables across the Napa River at Napa, Calif These 
cables have been in operation since August, 1925 

A three-phase cable for 26,000 volts, was laid about 17 years 
ago by the Shawimgan Water and Power Company at Three 
Rivers, Quebec In the more recent mstallation at St Louis 
(Umon Electric Light and Power Company) a number of three- 
conductor submanne cables are in successful operation at 35,000 
volts 

A number of islands ofif the Norwegian coast are connected by 
22,000-volt submarme cables which supply power to the islands 
from the generating station at Aalesund, the distance between 
islands varying from 1,600 to 10,000 ft The radial thickness of 
the paper msulation is about K ui , and the lead covermg is 
^^2 ^ thick 
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In Germany theie is the Stralsund channel project transmitting 
three-phase power at 15,000 volts from the generating station 
at Stralsund to the island of Rugen, the total length of submanne 
cable bemg 5,600 ft Another example occurs m the straits 
between the mamland and the island of Fehmein, where two 
3,300-ft lengths of lead-covered, iron-wire-armored, paper- 
insulated 11,000-volt cables are laid under water 

A submarme power transmission of considerable interest is 
the mternational cable between Sweden and Denmark, which 
was put into operation in December, 1915 It is 3 4 miles long 
and connects a point near Palsjo in Sweden with Manenlyst 
in Denmark The cable is three-core with impregnated papei 
msulation suitable for a working pressure of 35,000 volts (test 
pressure 87,500 volts) The cross-section of each core is 0 108 
sq in and steel wire armoring is applied over the lead sheath 
The greatest depth of the Oresund at the point traversed by the 
cable does not exceed 125 ft The cable was laid in nine lengths 
of about 2,000 ft A new cable was laid m 1922 for a working 
pressure of 50,000 volts 

What IS probably the longest submarme power cable in the 
world was laid a few years ago and transmits power at 11,000 
volts three-phase from Nuhama to Shisakajima, Shikaku, Japan 
A description of this cable will be found m the Electrical World of 
Mar 31, 1923 

126. Voltage Limitations of Underground Power Cables. — 
Transmission and distribution by underground cables with 
three-pha;Se alternatmg current at 30,000 and 35,000 volts is not 
uncommon Smgle-conductor cables for 44,000 volts have been, 
for many years, m operation m America A still higher pressure, 
namely 66,000 volts, is used to transmit power in a subway across 
the city of Cleveland, there are two three-phase circuits each 
capable of transmittmg about 30,000 kw a distance of 83^^ miles 
In Italy, cables were built for working pressures up to 80,000 
volts 5 or 6 years ago 

The Philadelphia Electric Company has installed smgle- 
conductor cable on two underground hues rated at 75,000 volts, 
three-phase Each Ime is about 20,000 ft long, the conductors 
bemg 750,000 circular mils and msulated with ^ of 
impregnated paper 

Recent advances m the design and manufacture of high-voltage 
power cables, by penmttmg higher temperatures of the dielectric 
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With comparatively small dielectric loss, have raised the permis- 
sible voltage gradient in the insulation, ^ and m connection with the 
design of cables for very much higher pressures than those now 
m use, maximum voltage gradients (under normal operatmg 
conditions) of 50,000 and even 52,000 volts per centimeter are 
bemg considered For reasons explained in Chap VIII (see 
formula (86), p 204), a large diameter of conductor is desirable, 
and constructions mvolvmg hollow-core conductors are bemg 
tried With a permissible voltage gradient of 50,000 volts per 
centimeter, single-core cables to carry 500 or 600 amp at about 

90.000 volts could probably be constructed with an external 
diameter not exceeding 4 m 

An interestmg modern development is the proposal to transmit 
underground at 132,000 volts in Chicago The scheme is by no 
means impossible, and experimental lengths of 130,000-volt 
power cables were in operation m Europe in 1924 ^ 

While discussing the possibilities of constiuctmg insulated 
cables for extra-high voltages, the advantages of d c transmission 
may be again referred to With a dielectric thickness not exceed- 
ing in , single-core cables can transmit contmuous currents at 

100.000 volts, and such cables are m operation in Europe Some 
interesting information regardmg the dielectric strength of various 
msulating materials when subjected to contmuous and alternat- 
ing voltages IS given in the General Electric Review (p 645), 
September, 1923 Some tests made abroad on cables give an 

average of 2 5 for the ratio 7 — for the' same 

(r m s ) a c pressure 

disruptive effect When kenotron tests are made on cables, 
it IS customary to use a d c test pressure equal to 2 4 times the 
specified a c test pressure 

136. Types and Construction of Power Cables. — ^For the trans- 
mission of three-phase alternatmg current, three-core cables will 
probably be economical for pressures up to about 66,000 volts 
When the pressure exceeds this figure, a separate smgle-core 
cable should preferably be used for each phase These separate 
cables of an extra-high-tension three-phase transmission should be 
symmetrically arranged with a small amount of msulation between 
the lead sheath and ground Steel-armored smgle-core cables 

1 Refer to Arts 72 and 73 of Chap VIII 

2 Refer to article by Philip Torchio m the Elec World, Mar 21, 1925 
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are usually inadmissible for altematmg currents because of the 
inductive effects 

The lead sheathing referred to is a necessity because impreg- 
nated paper is practically the only material at present available 
for the insulation of extra-high-tension underground cables It 




Radial thickness 

Conductor — ^Inner lead tube — ^bore 0 27 in 0 060 in 

Copper wires 19/15 b W G 0 072 ** 

Outer lead tube 0 050 ** 

Dielectric — ^First paper layer 0 545 

Lead inter-sheath 0 050 “ 

Second paper layer 0 565 ** 

Outer sheath — Lead covering 0 160 “ 

Complete diameter 3 27 in 


Fig 128 — Section through single-phase 173 kv papeivinsulated 

inter-sheath 


Radius 
0 195 m 
0 267 “ 
0 317 
0 862 “ 

0 912 ‘ 

1 477 “ 
1 637 “ 


cable, with lead 


IS somewhat hygroscopic m character, and the protection of the 
lead covermg is, therefore, provided Figure 127 shows a section 
through a three-core paper-msulated underground cable, while 
Fig 128 shows one of three separate cables designed for a workmg 
pressure of 173,000 volts between phases ^ This cable is provided 

iFrom C J Be averts paper on “Cables*’ in the Jour Inst Elec. Eng , 
vol 53, Dec 15, 1914 
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with a so-called ^^mtersheath” of lead, the purpose of which is to 
improve the design by reducmg the potential gradient at the sur- 
face of the conductor The theory of this method will be discussed 
later 

The clover leaf^' or sector type of three-core cable is illus- 
trated m Fig 129 This design permits of a smaller overall 
diameter for a given voltage and so leads to a savmg m cost, 
but it is rarely used for pressures exceedmg 30,000 volts The 
sector shape of cross-section is obtamed by specially strandmg 
wires of suitably varied diameters, or by rolhng or hammering 
a circular strand to the desired shape This construction was 



Paper 


Fig 129 — Three-core cable with shaped cores 


introduced in Europe many years before it was adopted in 
America, but British practice does not favor the use of sector - 
shaped cores m three-phase cables for working pressures exceedmg 
11,000 or 12,000 volts 

Concentric cables are used for single-phase transmissions and 
are, therefore, practically confined to railway work Figure 130 
IS a section through such a cable, the return conductor being m 
the form of a layer of segmental strips laid over the insulation sur- 
rounding the inner core When this outer conductor is grounded 
— as it usually is — ^the arrangement is very satisfactory and 
ejfficient Concentric cables are simple to construct, and even 
when used with alternatmg currents, they can be armored and, 
therefore, buned directly m the ground, thus facihtatmg the dis- 
sipation of heat which is easily carried from the outer conductor 
to the lead sheath and armor 
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There are two methods of manufacturing paper-msulated cables 
In both methods a roll of paper is cut into narrow ribbons which 
are lapped on the copper conductor in successive layers until the 
required thickness is attained In one method the paper is put 
on dry and the whole cable is immersed in the msulating oil 
In the other, the impregnation is effected by passing the paper, 
before it is cut mto ribbons, through a bath of the msulating oil 
This last method, which was evolved and has been used for the 
last quarter of a century by W T Glover and Company of 
Manchester, England, appears to have the advantage of more 
certain and thorough impregnation of the insulation. One 



Fig 130 — Section through concentric cable for single-phase transmission 

objection to msulatmg the conductors with paper which has been 
previously impregnated is that small air pockets are likely to occur 
between the lappmgs of the paper strip By means of recently 
developed machmery, the strip of perfectly prepared impregnated 
paper is now apphed under the surface of molten compound, thus 
insurmg the total exclusion of air between layers 
With paper msulation the lead sheath must be very carefully 
apphed to msure the absence of flaws and pinholes through 
which moisture might be admitted The lead sheathing is 
apphed by passmg the msulated cable through dies in a hydrauhc 
press which forces hot lead in a semifluid condition around the 
slowly moving cable, thus forming a closely fittmg lead cylmder 
on the outside of the msulation It is the practice of one English 
factory to apply a hydrauhc test to the Wshed cables m order 
to detect the presence of imperfections m the lead covermg, 
by forcing water into the dielectric so that its presence may be 
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detected befoie the cable leaves the factory It is partly m order 
to facilitate such testing that the same firm employs a metallic 
test sheath^ enclosed in the cable, and lightly insulated from the 
lead covermg This lead sheath is also useful for maintenance 
tests, fault localization, the detection of incipient faults on 
live cables, and for use in connection with special protective 
devices ^ 

Insulating Materials Other Than Insulated Paper — The reason 
why reference has not previously been made to vulcamzed 
lubber and vulcanized bitumen as materials for cable insulation 
IS not that these are not in general use, but because they are 
not so suitable as paper for extra-high-tension power cables 
Vulcanized bitumen as an insulator appears to have met with 
greater success in Europe than in America It is a substance of 
which the physical properties are somewhat similar to those of 
vulcanized rubber Cables insulated with vulcanized bitumen 
(without lead sheathing) have a special field of utility in mining 
work, where they are used not only as feeders to carry the electric 
energy down the shaft, but also as distributors under ground 

A type of insulation which is largely used in Ameiica is var- 
nished cambric, or varnished cloth The prepared cloth is 
applied to the conductor in the form of tape, a thin layer of a 
non-hardening viscous filler being applied between the layers to 
insure fiexibility by perimttmg relative movement of the layers 
Since it IS customary to provide a lead sheath over power cables 
insulated with varnished cambnc, there is no economic advantage 
in using this material as a substitute for paper 

137. Methods of Laying Underground Cables. — The present- 
day methods of laymg underground cables may be classified 
under the headings 

1 Laid direct in the ground (armored cables) 

2 Drawn into weldless steel tubes, stoneware or tile ducts, or 
fiber ducts in concrete 

The first-mentioned system is usually adopted for cross-country 
runs, the second, in congested areas where streets cannot be 
disturbed and where facilities for adding to the number of cables 
are desired 

^ British patent 22355/12, Beaver and Claremont 

2 Bntish patent 13681/17 Beaver, Richards, and Claremont Particulars 
of the test sheath cable and its potentialities will be found m The Elec- 
inaim (London), July 5, 1918 
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When power cables are laid direct m the ground, they are 
protected with only a lead sheath and steel-tape armoring 
A cushion of tarred jute is placed over the lead sheath and over 
this IS wound a layer of steel tape, about thick, m an open * 

spiral, leaving approximately Ke clearance between the con- 
volutions A second layer of steel tape is wound over the first so 
as to cover the unprotected spaces Finally a heavy covermg of 
tarred jute is wound over the armoring It is customary to 
place a wooden board over the cable to act as a warnmg to work- 
men and so protect the cable in the event of the ground surface 
bemg disturbed after the cable has been laid 
The drawing-m system is the one most commonly adopted at 
the present time The ducts for the cables may be tile or fiber 
set m concrete, or they may consist of wrought-iron pipes 
Tile or stoneware conduits can be supplied as smgle-way or 
multiple-way ducts The opemng is usually in square when 
used for distributing purposes in or near cities The inside 
corners are well rounded, and the outside dimensions are approxi- 
mately as follows 


Smgle-way duct 
Two-way duct 
Three-way duct 
Four-way duct 
Six-way duct 


5 by 5 by 18 in long 
5 by 9 by 24 in long 
5 by 13 by 24 m long 
9 by 9 by 36 in long 
9 by 13 by 36 m long 


These ducts are set in concrete forming a wall about 3 m thick 
on all four sides 

Fiber conduits are light in weight and easy to handle They 
are cylindrical pipes made of wood pulp saturated with an asphalt 
or bituminous compound containing a small amount of creosote, 
and are usually supplied in 5-ft lengths 
Iron pipes are useful when shght bends to clear obstructions 
are of frequent occurrence These can be supplied in 20-ft 
lengths with threaded ends and couphngs 
In aU cases, the internal width of the duct should allow not less 
than J-^-m clearance for the largest cable to be drawn into it 
Manholes must be provided at mtervals of 300 to 600 ft , 
the latter distance bemg rarely exceeded, as it represents the 
practical length of cable of large size which can be drawn into an 
underground duct without injury The manholes, if required 
merely for drawing-m purposes and for joints (apart from the 
installation of transformers or other apparatus), should measure 
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about 7 by 6 by 6 ft high If the construction permits of an 
arched roof, the walls might be about 6 ft high with a total head- 
room at center of about 7 ft The floor should be above the 
sewer level, and proper arrangements provided for drainage and 
ventilation If transfoimers are placed m manholes, a space 
of about 4 6 cu ft per kilovolt-ampere should be provided 
138. Cable Termmals. Junction with Overhead Lines. — The 
connection betwe'en overhead wires and underground cables must 



be made with great care to avoid trouble at this pomt The 
ends to be attained and the precautions to be taken are fairly 
obvious, and the engineering difiiculties may readily be overcome 
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Each particular case should be considered as a special problem, 
and the pioper steps taken to provide adequate insulation and 
prevent detenoration or damage by water owing to improperly 
sealed jomts 

Figure 131 shows the ternunal pole of an overhead hne and the 
methods employed for the protection of the cable It is repro- 
duced by kmd permission of E B Meyer and his publishers 



Fig 132 — Detail of cable ends at junction with overhead line 


from “Underground Transmission and Distribution '' The 
design of the actual terminals or “potheads/^ as they are some- 
times named, vanes considerably One form — suitable for a 
workmg pressure of 11,000 volts, three phase — ^is shown m Fig 
132 which has been reproduced from a drawmg kindly supphed 
by W T Glover and Company, Ltd , Manchester, England 
The pothead assembly ihustrated by Fig 133 is reproduced by 
permission from an article by G H Hagar m the Electrical World 



TRAN^'^MIJSSION BY UNDERGROUND CABLES 


383 


of Feb 27, 1926 It shows the design adopted for the terminals 
of the 44,000-volts submaiine cables across the Napa River, Calif , 
referred to in Ait 134 



Ficjt 133 — Pothcoid asbcmbly for 44,000-volt submarine cable 

139. Design of Cables — The theory of the potential giadient 
at the surface of a wire of radius r sui rounded by a concentric 
metallic cylinder of internal ladius R has already been discussed 
m Alt 73, Chap VIII, m connection with insulating bushings 
With a dielectiic of constant specific inductive capacity through- 
out the total thickness, the maximum potential gradient, which 
occurs at the surface of the inner conductor, is given by formula 
( 86 ) 

E 

Q = volts per centimeter (86) 

where E stands for the potential difference between the conductor 
and the outside metallic sheath, in volts, and the dimensions are 
expressed in centimeters This formula is, therefore, apphcable 
to single-core cables with lead sheath, and to the concentric type 
of two-conductor cables 

The breakdown gradient of paper-insulated cables is about 
200 kv (r m s alternating) per centimeter, but the maximum 
voltage gradient (at the surface of the conductor) which will 
break down the msulation depends upon the diameter of the 
conductor The formula suggested by Peek for the gradient at 
the surface of the conductor which will cause breakdown of insula- 
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tion on a single-conductor cable insulated with impregnated paper 
IS 

kv per centimeter (168) 

where r is the radius of the conductor in centimeters It is not 
advisable to submit the finished cable to test pressures which will 
cause the potential gradient at the suiface of the conductor to 
exceed 150 kv per centimeter/ and since the test pressure may 
be as high as 2}i times the working pressure, the maximum work- 
ing stress will be of the order of 50 kv per centimeter It is 
qmte possible to design practical paper-insulated cables for work- 
mg stresses of 60 to 80 kv per cm , but owmg to the fact that 
dielectric heatmg is likely to be excessive with these high gradients, 
about 50 kv per cm is a reasonable maximum at the present- 
time All the voltages here referred to are r m s values, and not 
peak values 

The probable breakdown gradient and, therefore, the safe 
working pressure of a high-voltage insulated cable in service will 
depend upon many factors besides the test pressure it is able to 
withstand at the manufacturers' works The time during which 
the msulation is subjected to electric stress has a great deal to do 
with the breakdown voltage, and the temperature of the insula- 
tion, whether determmed by losses m the copper or in the dielec- 
tnc, or an external source of heat, will also have a very appreciable 
effect upon the abihty of cables to withstand high voltages 
Other factors, including the normal frequency and the frequency 
of transient waves or surges, also the amount of bending which 
the cable has been subjected to before and durmg laying, will 
have an effect upon the voltage which will cause breakdown of the 
insulation It follows that the mere apphcation of a formula 
with constants based on the average of tests made under particu- 
lar conditions wiU not msure rehabihty under service conditions. 
Notwithstanding the great advances that have recently been made, 
there is still much to be learned before the satisfactory perform- 
ance of extra-high-tension cables under the usual operating 
conditions can be guaranteed 

A summarized record of our present knowledge regardmg the 
performance of insulation under electrical stress has been pubhshed 

1 Test pressures of 200 kv per centimeter and even higher are used by some 
cable makers m Europe 
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by the Subcommittee on Wires and Cables of the A I E E 
Standards Committee,^ and if the reader will refer to this, he 
will understand that it is not possible, in a smgle chapter, to 
do justice to so large and important a subject as the msulation 
of electric conductors for the underground transmission of power 
The capacity of a single-core cable per centimeter of length is 
the reciprocal of the elastance as given by formula (84), whence 

Capacity per centimeter = — farads (169) 


where k is the lelative inductive capacity or dielectric constant 
of the insulating material, the value of k for air bemg unity 
The numerical value of K, as given m Art 72, Chap VIII, 
IS 8 84 X and since there are 161,000 cm in a mile, the 
capacity per mile of single-core cable, in microfarads, is 

^ _ 161,000 X 27r X 8 84 X 106 X 
10‘^ X log. (f) 

= 0 0895 

-0 0388 (170) 

loft. (f) 


Approximate values of k which apply to materials used for 
cable insulation are 

fc = 3 3 for impregnated paper 
fc = 4 2 for varnished cambric 
k = 4 5 for vulcanized bitumen 
fc ~ 3 to 6 for vulcanized mdia rubber 


The permittivity, or relative specific mductive capacity {k) 
will depend somewhat upon the temperature of the dielectric, 
the effect of the higher temperatures m increasing the value of 
k bemg greatest for varmshed-cambric msulation The above 
values are averages for normal workmg temperatures 

The formula for the insulation resistance of a smgle-core 
cable is obtamed as follows 

^ This summary, brought up to date (1924), is given m the Appendix VIII 
of Del Mar's ‘^Electnc Cables ” 



386 


electric power transmission 


Let p stand for the resistivity, or specific resistance, of the 
dielectric, in megohms It is the electrical resistance of 1 centi- 
meter cube of the cable insulation Considering the insulation 
resistance of a length of cable I cm long to be the sum of the 
resistances of successive concentric layers of insulation, 


dRt 


= P 


dz 

2irxl 


where dx is the length, and (2‘irxT) the area, of a cyhndrical 
element of radius x and length I, whence 





Let Rt stand for the insulation resistance, in megohms, of 1 
mile of cable, then I = 161,000 cm , and by converting the natural 
into common logarithms, 

JB, (of 1 mile) = 2 28 X 10“® X p logic (j) megohms (172) 

Some average values of p are 

For impregnated paper, p = 8 X 10® 

For varnished cambric, p = 3 X 10® to 5 X 10® 

For vulcanized bitumen, p == 2 4 X 10® 

[ 4 8 X 10® 

For vulcanized india rubber, p = i to 

[ 1 2 X 10^® 

Temperature has a marked effect on the specific resistance of 
cable msulation, which decreases rapidly with increasing tempera- 
tures. This effect is particularly noticeable with paper msula- 
tion Vulcamzed mdia rubber is the material with the best 
temperature characteristics 

The reactance of a smgle-conductor cable without steel armor- 
mg would be calculated as for bare wires (refer to Art 82, Chap 
IX) and will depend upon the position of the return conductor 
Smgle cables carrying alternatmg currents should not be armored 
or drawn mto iron pipes 

The formulas for use with three-^ore cables are not so easily 
developed as those for single-core cables, and they are largely 
empirical, especially when the shape of the cores departs from the 
true circular section Tables givmg the approximate mductance 
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and capacity of thiee-coie cables may be found m the electrical 
engmeermg handbooks and in makers’ catalogues ' 

The reactive voltage drop per mile of smgle conductor of a 
three-core cable may be calculated by means of formula (96) of 
Art 82, Chap IX, which is correct for the usual frequencies, 
even when the distance (d) between centers of cores is as small 
in comparison with the radius (r) of the conductor as in three- 
core underground cables 

140. Economical Core Diameter of High-pressure Cables. — 
For a given voltage and constant diameter over the msulation 
of a single-core cable, there is a defimte diameter of the core 
which will cause the potential gradient at the conductor surface 
to be a minimum A small core will allow of a greater thickness 
of msulation, but on the other hand the smaller radius of curva- 
ture will tend to increase the stress, while the effect of too large 
a diameter of core is also to cause an increase in the stress through 
reduction of the total thickness of insulation Formula (86) 
may be written 



and if it IS assumed that both R and 0 are constant, the greatest 
maximum permissible voltage E will be obtained when the quan- 
/R\ 

tity r log* y—j IS a maximum, a condition which is satisfied when 

logg = 1, ori? = 2 718r Assummg this ideal requirement to 

be fulfilled, even if the inner core has to be made hollow in order 
to economize conductor material, it follows that 


r 



(173) 


from which an approximate value of economic conductor radius 
can be obtamed This radius will generally (m high-voltage 
cables) be found to be greater than that required to provide 
the necessary cross-section for current-carrying purposes, and 
this accounts for the fact that aluminum may prove to be more 
economical than copper as a conductor in high-tension under- 
ground cables The 30,000-volt cables for the electrification of 
the Dessau-Bitterfeld railway m Germany from the power station 

^ Useful tables will also be found in the chapter on Cable Characteristics 
in William Nbsbit's "Electrical Characteristics of Transmission Circuits/' 
Wcstmghouse Electric and Manufacturing Company 
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at Muldenstem have cores of stranded aluminum 0 512 m in diam- 
eter (0 157 sq in m cross-section) covered with impregnated 
paper of a radial thickness of 0 512 in The lead sheath is 0 138 in 
thick and is covered with a layer of jute, the overall diameter 
of the cable being 2 05 in By formula (86) the maximum gra- 
dient IS 


G = 


30,000 


o.. /O 512 -I- 0 25G^ 

2 54 X 0 256 log. ( ) 


= 42,000 volts per centimeter 


If stranded copper had been used (without a hollow, or non- 
metallic core), the diameter of the core of equivalent current- 
carrying capacity would have been about % in which, with the 
same thickness of insulation, would cause the maximum gradient 
to be about 48,000 volts per centimeter 



Inner lead tube 0 266 in bore, or 0 140 in radial 

Conduotor 24/0 082 in 

Outer lead sheath 0 06 in radial 

Complete diameter 0 80 in 

Fig 134 — Specially constructed core for e h t underground cables 


The apphcation of formula (86) to the calculation of the maxi- 
mum potential gradient in cables with stranded wire cores, 
gives only approximate results The comparatively small radius 
of the mdividual wires will bring about a concentration of stress 
appreciably greater than what would be indicated by formula 
(86 ) One method of providing a smooth cyhndncal surface to the 
cable core is to sheath over the stranded copper core with a thin 
wall of lead Figure 134 shows the complete core (without insular 
tion) of a high-pressure cable as designed by a Bntish cable fac- 
tory ^ In this case the calculated “economic^' radius for a 
maximum gradient of 50,000 volts (r m s ) is 0 8 in , and smce the 
conductor is of suflScient carrymg capacity when made up of 24 
copper wires 0 082 in m diameter, these wires are disposed around 
1 Bntish patent 20549/14 
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a hollow lead core of the necessary diameter, as shown in the 
illustration 

141 Grading of Cable Insulation. — The potential gradient at 
any distance x from the center of a single-core cyhndrical cable 
is given by formula (83) of Art 73, Chap VIII, as 


2TrxKk 

For a given voltage and total capacity of the cable, which 
determine the total dielectric flux it follows that if ft is also 
constant, the gradient will have a value inversely proportional 
to the distance x from the center of the core With a view to 
reducing the outside diameter of the cable, the value of ft should 
change in successive layers of insulation m order to maintain G 
as nearly as possible at the maximum permissible value through- 
out the thickness of the insulation In other words, if ft a i 

x^ 

the potential gradient will be constant at all parts of the dielec- 
tric By varying the nature of insulation in adjacent layers, 
a practical approximation to this condition can be obtamed, 
especially with rubber, which can be made m var 3 nng quahties 
having markedly different permittivities It cannot be said, 
however, that the grading of cables by this method, %e , by con- 
trolling the ca'pacities of successive thicknesses of insulation, 
has met with much success in practice 

Another method of grading cables, which might be described 
as the conducting-layer method, gives promise of coming to the 
front as soon as very-high- voltage cables are m greater demand 
than they are at present The principle is somewhat similar to 
that of the condenser type of insulating bushing, except that the 
intermediate metallic cylinders are all of the same length and the 
potential gradient is controlled by “ anchoring the voltage of 
these metalhc mtersheaths The term '^voltage gradmg'^ 
might be used to distinguish this method from ^'capacity grad- 
ing The insulation is the same throughout the total thickness, 
but being divided mto two or more sections by means of metallic 
cylinders, each section can be made to take its proper share of 
the total potential difference by applying a defimte voltage from 
an outside source to the intermediate metallic sheaths Various 
methods of accomplishing the necessary distnbution and ‘‘anchor- 
ing^ ' of potential for both d c and a c cables have been patented ^ 

1 British patents 27858/08 and 27859/08 
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The most obvious way of obtaining the required voltage control 
on an a c system is to take tappings from the high-voltage side 
of the power transformers for connection to the intermediate 
sheaths 

Example 33 Design of Single-phase Concentric Extra-high- 
tension Power Cable — Let the working pressure be 100 kv (alter- 
nating) between the inner and outer conductors The further 
assumption will be made that the maximum stress must not 
exceed 40 kv (r m s ) per centimeter This is a low value, and 
50 kv would probably be peiimssible, but the lower figure has 
been chosen in order to provide a large factor of safety and keep 
the dielectric loss (and heating) in the neighborhood of its lowest 
practical hmit 

Consider first the case of a cable without either “voltage” 
or “capacity” grading By formula (173) 


E 100 
" 40 


= 2 5 cm 


If a solid core of stranded cable were used, this would correspond 
to a cross-section of about sq in , which would certainly be 
in excess of the requirements, and a hollow coie, constructed as 
shown m Fig 134, should be adopted 
Solving for R m formula (86), 


whence 




100 


40 X 25 


= 1 


R 

25 


= 2 718, and 72 = 6 8 cm 


The dimensions of the cable, in mches, would be approximately 

Diameter over outer conductor = 5 56 m 
Diameter over lead sheath = 5 93 in 
Diameter over armor and jute =66 m 

Consider now the alternative of intersheath or voltage gradmg 
Assummg the total of 100 kv to be divided mto 40 kv between 
inner conductor and mtersheath, and 60 kv between intersheath 
and outer conductor, the radius of the inner conductor, as calcu- 
lated by formula (173), will now be 

40 , 
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To calculate the radius over the insulation between the intei- 
sheath and the inner conductor, 

\l) 40 X 1 ^ 

whence 

B = 2 718 cm 


The radial thickness of the lead intersheath would be about 
0 05 in , or 0 127 cm , whence the outside radius of the intei- 
sheath is r' = 2 718 + 0 127 = 2 845 cm Considering this as 
the core of a cable with 60 kv across the total thickness of insula- 
tion, and the same maximum voltage gradient as before, the 
ladius over the insulation is 

( 2 ^) 40 X 2 845 "" ® 

whence 

== 1 695 and IE' = 4 82 cm 

2 845 


The approximate dimensions of this cable, in inches, would be 
as follows 

Diameter over outer conductor = 3 93 in 
Diameter over lead sheath = 4 33 m 
Diameter over armor and jute = 5 00 in 


In order to realize the advantage of this method of grading 
large high-voltage cables, these figures should be compared with 
those previously calculated for the cable without voltage grading 
It will be interesting to calculate the charging currents per 
mile of this cable Assuming the specific-mductive capacity of 
the paper insulation to be A = 3 3 as given on page 385, the 
capacity per mile between core and mtersheath, by formula (170), 

is Cmf = = 0 295 mf If the frequency is 25 cycles 

log 10 2 71o 

per second, the chargmg current, on the sine-wave assumption, 
will be 

7, = 25r X 25 X 0 295 X 40,000 X lO"® = 1 86 amp 


Similarly, between the mtersheath and the outer conductor. 


0 0388 X 3 3 
log 1695 


= 0 56 


7„ = 2x X 25 X 0 56 X 60,000 X 10-« 
= 53 amp 


and 
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The difference between these two values of capacity current 
must obviously be carried by the mtersheath, and for every mile 
of cable the values of the charging current would be as follows 
In the core 1 86 amp 

In the mtersheath 3 44 amp 

In the outer conductor 5 30 amp 

Thus, if the cable were 10 miles long, the current in the inter- 
sheath — ^if fed from one end only — would be 34 4 amp , which 
might be excessive This is a point which must not be overlooked 
in the design and mstallation of mtersheath cables ^ 

142. Capacity and Charging Current of Three-core Cables — 
Mathematical formulas for calculatmg the electrostatic capacities 
of three-core cables are comphcated and not very rehable owing 
to certain assumptions having to be made which are not always 
satisfied m a practical cable The figures relating to capacities 
of cables, as furnished by cable makers, are, therefore, based on 
test data obtained from the finished cable 

The capacity between two parallel overhead wires, in micro- 
farads per mile, is 

Cmi (between wires) = - (174) 

logf 

and the chargmg current (r m s value) per mile of cable, on the 
sine-wave assumption, is 

Ic = 2TjC^fE X 10~® X L amp (175) 

where E is the (r m s ) voltage between wires, and L the distance 
of transmission m nules, while d and r in formula (174) stand, 
respectively, for the distance between centers of the conductors 
and the radius of the conductor cross-section _ 

If three wires occupy the comers of an equilateral triangle, 
the capacity as measured between wires is still given by formula 
(174), and the capacity between wire and neutral wdl be just 
twice this value, or 

Cmf (to neutral) = — 

log- 

^ The manner m which the mtersheath carries a certam portion of the 
capacity current and so relieves the inner layers of the insulation of the 
heating due to this portion of the total chargmg current is clearly brought 
out m the paper by A M Taylor on Underground Cables,'^ Jour (British) 
Inst Elec Eng , vol 61, p 224, February, 1923 
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as given by formula (109) Art 89, Chap IX The voltage 

E E 

across this imaginary condenser is now — 7 = mstead of as 

V3 ^ 

it would be m the case of a single-phase transmission, and the 
charging current per wire of the three-phase system is, therefore. 


Ic 




X 10“® X L amp 


(176) 


In this formula, the capacity Cmf to neutral is just twice as great 
as the capacity between wires as given by formula (174), whence it 
follows that the charging current per wire of the three-phase 
2 

system is — 7 = times as gieat as that of the smgle-phase system 
v3 

with the same spacing and line voltage 
In overhead systems, the capacity to ground is generally 
negligible, but m a cable transmission with or without lead 



Fig 135 — DiaRrammatic representation of electrostatic capacities in three-core 

cable 

sheath, the condenser formed by the comparatively small 
thickness of msulation between conductor and ground must be 
reckoned with Figure 135 is a section through a three-core 
high-tension cable with lead sheath The capacity of each of the 
imaginary condensers shown in the diagram cannot be measured 
directly, but certam measurements can be made on the fimshed 
cable, from which the necessary data may be obtained Let Cne 
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stand for the effective equivalent capacity per conductor to neutral 

E 

for 1 mile of cable Then, since the voltage to neutral is the 

V3 

charging current per conductor, on the sine-wave assumption, is 
Ic = 2t/ — Cne X 10-® X L amp (177) 

if Cne IS expressed m microfarads 

Two measurements of capacity can readily be made on the 
finished cable 

a Between one core (1) and the two remaining cores and the 
lead sheath, all connected together (2, 3, S) 
b Between any two cores, as (1) and (2) 

In terms of the imaginary capacities Ce and Cn of Fig 136, 


Capacity (a) = 0,+ 


^ = C -f- -C 

Cn 2Cn 


Capacity (b) = -^(Ce + Cn) 


There is no constant ratio between wire to wire capacity and the 
wire to sheath capacity, but, generally speakmg, the capacity 
(6) IS from 58 to 66 per cent of the capacity (a) The most usual 
value is 60 per cent, whence, by equating (179) with 0 6 times (178), 
it follows that C, = Cn 

The standard test for electrostatic capacity is between one core 
and the two remaining cores grounded to the sheath, namely, 
(a) as expressed by formula (178), and smce the total capacity 
(.Cne) per core to neutral is obviously 

Cne = Cs -[• C a (180) 

it follows that the approximate ratio of these two capacities is. 


Effective equivalent capacity, core to neutral ((7„.) 

Measured capacity, one core to the remaining cores and sheath (a) 


_ (1 + 1) X 3 
3-1-2 


(181) 


The relation between the effective equivalent capacity (Cne), 
conductor to neutral, and the measured capacity (b) between 
any two of the three cores is obtamed by substituting for (C. -t- Cn) 
in formula (179) the value given by formula (180), whence 

Cne = 2(6) 


(182) 
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The measured capacity (a) for three-core paper-msulated cables 
designed for a working pressure of 10,000 volts will be about 
0 4 mf per mile for a 083 ^ cable, and 0 26 for a oss 
cable With shaped instead of circular cores, the capacity is 
slightly greater, being from 1 08 to 1 1 times the capacity with 
circular cores of the same cross-section ^ 

Calculation of Capacity of Three-core Cables — Although meas- 
ured values of cable capacities are usually obtainable from 
manufacturers, it may be necessary to determine approximately 
the capacity of a cable for a special purpose before it has been 
made It would seem at first sight from Fig 135 and from the 
fact that Ca is found to be approximately equal to Cn that Cne 
would be obtained by merely doubling the capacity to neutral as 
calculated by the usual transmission hne formulas (see Art 89, 
Chap IX) It should be observed, however, that the proximity 
of the sheath will modify the distribution of the electrostatic flux 
between core and core, and the imaginary capacity Cn of Fig 135 
IS not what it would be if the lead sheath were removed and 
replaced by a considerable extra thickness of insulation 

It IS found in practice that the capacity of a three-core cable 
with shaped cores, having the same thickness of insulation 
between core and core as between core and sheath, is about the 
same as the capacity of a single-core cable having the same 
conductor cross-section and the same thickness of insulation 
between core and sheath On this assumption, formula (170), 
Art 139, can be used for predetermimng the probable capacity 
of a three-core cable 

The value of R m formula (170) is taken as the radius of the 
conductor plus the thickness of insulation between cores, or 
between coie and sheath If these thicknesses are not exactly 
the same, the mean of the two thicknesses is taken If the con- 
ductor IS not circular m cross-section, the dimension r in the for- 
mula IS the radius of a circular core of the same cross-section as 
the actual conductor 

As an example, let the equivalent diameter of each core of a 
three-core paper-msulated cable be 0 58 in , with insulation 
between coies 0 38 m thick, and between core and sheath, 0 30 m 

1 Values of capacitance and susceptance for three-core paper-msulated 
cables, calculated by the formulas m Alexander Russell’s “Altematmg 
Currents,” will be found m Nesbit’s Electrical Characteristics of Trans- 
mission Circuits,” Westmghouse Electric and Manufactuimg Company 
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thick Assuming the specific inductive capacity of the insulation 
to be 3 3, 

k =33 
r =029 

and 

E = 0 29 + ^ ^ ^ = 0 63 

whence, 

^ ^ . 0 0388 X 3 3 ^ oo f 1 

Capacity (a) = 7 a aov "" = 0 38 mf pei mile 

The appioximate value of the capacity to neutial, for shaped 
cores, wilL therefore, be 

Cn. = 0 38 X 1 2 = 0 456 
and for cores of circular cross-section, 

Cne = = 0 418 mf per mile 

The results obtained by the above method are approximate 
only, but more accurate methods for predetermining the capaci- 
tance and, therefore, the probable charging current of three-core 
cables are available Two valuable papers ti eating of the dielec- 
tric field m multiple-core cables have lately been published The 
first, by D M Simons,^ explains the use of the geometric factor 
which, in multiple-core cables, corresponds to the quantity 
/R\ 

log j which appears in the formulas for smgle-core cables 

The second paper, by R W Atkinson,^ gives results of experiments 
to determme the geometric factor for power cables with both round 
and sector-shaped cores, and to calculate the maximum stress m 
the dielectnc of such cables 

143. Losses in Underground Cables — In addition to the PR 
losses in the conductors, which can easily be calculated, some loss 
occurs m the dielectnc of an underground cable The ohmic 
resistance of the insulation bemg very high, the losses, when a 
high-tension cable is used on a contmuous-current circmt, are very 
small, but with altematmg currents there is a further loss due to 
dielectnc hysteresis, which is proportional to the frequency of 
alternation of the electrostatic field 

1 Trans A I E E , p 600, 1923 
* Trans, A I E E , p 966, 1924 
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The total chaigmg current in a cable may be considered as 
made up of two components, one being the true capacity current 
of which the phase is exactly 90 deg m advance of the impressed 
e mf , the other being the energy’^ component in phase with 
the e m f This last component is relatively small, being due to 
what IS known as dielectric hysteresis and not to the ohimc resist- 
ance of the dielectric, the ejBEect of which is usually negligible. 
The dielectric loss is equal to the product of the voltage and the 
'^eneigy'' or in-phase component of the charging current Thus 
Watts lost = e m f X charging current X cos cp (183) 
where cos (p stands for the power factor of the cable This will 
usually be about 0 012 for paper-insulated power cables, at 
ordinary working temperatures, but, with high temperatures, 
it is very much greater As a rough indication of the manner in 
which the power factor (and therefore the dielectric loss) increases 
with temperature, the following figures may be useful, they refer 
to paper-insulated cables 


Temperature of Insulation, 
Dogrocs Centigrade 

50 

CO 

70 

80 


Power Factor, Per Cent 
1 1 to 1 6 
1 2 to 1 8 

1 6 to 2 4 

2 to 3 


As an example of how the losses in a cable may be calculated, 
the data of the numencal example m Art 142 may be used 
The calculated capacity per core to neutral was Cm = 0 418 mf 
per imle Assuming the voltage between wires to be 13,200, 
the frequency 60, and the distance of transmission 10 miles, the 
charging current per core, by formula (117), will be 

Z. = 2x X 50 X — X 10-‘ X 10 

= 10 amp 

whence the total dielectric loss is seen to be 


/13,200\ 

I vs; 


X 10 X 0 012 X 10-» 


TF = 3 X 
= 2 75 kw 

The apparent power required is, however, ^ 


2 76 


= 229 kv -a 


which IS an mdication of the size of generator required to keep 
the full voltage on the Ime when the reeeivmg end is disconnected 
from the load. 
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144. Temperature Rise of Insulated Cables — The layeis of 
insulating material close to the conductors will be hotter than 
those near the surface of the cable, but the difference in tem- 
perature between the conductor and the external suiface is not 
easily predetermined It will depend upon the nature and 
thickness of the insulation, and also upon the type of cable, i e , 
whether two- or three-core, or concentric The difference of 
temperature between the core and the external sheath of a fully 
loaded power cable will usually be between 10 and 25°C , but the 
actual temperature of the insulation at the hottest parts will be 
determined not only by the rate at which the heat can be con- 
ducted from the cores to the surface through the insulation, but 
also by the rate at which it can be radiated or conducted fiom the 
outside surface of the cable 

The best conditions for cooling will usually occur with sub- 
marine cables, but armored cables buried direct in certain 
kinds of soil are also capable of dissipating large amounts of 
energy When many cables are laid close together in multiple- 
way ducts, it IS not possible to consider each cable independently 
of the others, since the temperature of the duct will depend upon 
the total cooling surface and the total amount of energy lost in 
all the cables The problem of calculating temperature rise 
is thus seen to be a difficult one, and indeed more data must be 
accumulated before rehable empirical formulas will be available 
Very httle can be said here that will be of service to the engineer 
in determmmg exactly what will be the safe current for a given 
cable laid m a particular manner, but it is important to keep 
the temperature of the msulation withm certain limits which 
cannot be exceeded without injuring the cable or leading to a 
greatly mcreased dielectric loss which aggravates the trouble 
and leads to rapid deterioration of the msulation This limit 
may be set at about 85®C for paper-insulated cables 

Temperatures above 135°C are likely to char the insulation, 
but any temperature above 100°C is to be avoided, there is 
always the possibihty of expansion, with the formation of voids 
in which vapor may ionize The allowable working temperature 
is usually calculated by the formula Temperature in degrees 
Centigrade = 85 — jE^, where E stands for the workmg pressure m 
kilovolts It has been found that paper-insulated cables are not 
mjured by temperatures up to about 100°C provided the Ume 
durmg which the cable works at the extra-high temperature is short, 
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say 1 or 2 hours It is not safe to operate continuously at 
tempeiatures above 85°C In other words, the permissible 
maximum temperature is a function of the load factor 
For pressures up to 20,000 volts, the dielectric loss m three- 
phase high-grade paper cables is so small as to be negligible, 
and the permissible PR loss m the conductors wiU depend (1) 
upon the rate at which heat can be conducted through the msula- 
tion from the conductor to the outside surface, and (2) upon the 
facilities afforded for the cooling of the outside surface of the cable 
It IS possible to run the current densities m three-core 20,000- 
volt power cables up to 1,000 amp per square inch in cables of 
0 25-sq in core section, and even 1,500 amp per square inch if 
the core is not more than 0 1 sq in cross-section It is rarely 
safe to allow the lead sheath to reach a temperature greater than 
40°C , but no hard-and-fast rule can be laid down m this connec- 
tion When the price of copper is high, it is important to load 
cables up to the safe limit Research work is being carried on 
with a view to furnishing additional information on the heating 
of underground cables of different types and under different 
conditions of laying. 

A simple case, which admits of calculation without a large 
amount of empirical data, is that of the single-core or concentric 
cable Thus, if it is desired to calculate the difference m temper- 
ature between the core and external sheath of such a cable, the 
procedure would be siimlar to the method followed m calculat- 
ing the ohmic resistance, except that the ‘^heat-conductivity^^ 
of the dielectric would take the place of the electrical conductivity 
Example 34 Temperature R%se of Insulated Cable — ^FoUowmg 
the method outhned m Art 139 when developing an expression 
for the insulation resistance, consider a lead-covered smgle-core 
paper-insulated cable of core diameter 2r = 0 9 m and diameter 
over the insulation of 2J? — 1 9 m The heat conductivity of 
the insulation must be determined experimentally, but it will be 
assumed that it is & = 0 0025 This coeflBlcient may be defined 
as the number of watts that will be conducted through each 
square centimeter of a slab of msulatmg material 1 cm thick 
when the difference of temperature is 1®C 

The cross-section of this conductor will be about 0 6 sq m , 
the resistance bemg 0 1 ohm per mile, and if a current density 
of 1,300 amp per square inch is assumed, the power loss per mile 
will be 0.1 X (650)2 = 42,250 watts. 
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Considering a cylinder of the dielectric of thickness dz at a 
radius x from the center of the core, the difference of temperature 
between the two sides of this layei of msulation will be 

, _ Wdx 
~ ki2wxl) 

where I is the length in which the loss of W watts occurs (in this 
example I = 161,000 cm ) Thus 

= _E_ 

2Tlk J, X 

2'irlk}^^\r) 

42,250 , /1 9\ 

2t X 161,000 X 0 0025 VO 9) 

= 12 5°C 

If the cable were suspended m air, the difference of temperature 
between the lead sheath and the surrounding air could be calcu- 
lated by assuming about 0 0012 watt to be radiated from each 
square centimeter of surface per degree Centigrade difference of 
temperature The outside diameter of this cable — ^if there is no 
jute or steel armormg over the lead — will be about 2 15 in , and 
the nse in temperature of the lead sheath will, therefore, be 

42,250 ^ 

7rX215X254X 161,000 X 0 0012 ^ 

The total temperature nse of the copper on this basis is, there- 
fore, 12 5 + 12 7 = 25 2°C , but since the cable is not hkely 
to be suspended in air, correction coefl&cients denved experi- 
mentally would have to be apphed m order to determine the 
probable temperature use under practical conditions A 
further correction would have to be made if the cable is provided 
with an outer covering of jute 

Similar calculations for multiple-core cables can be made by 
usmg the expenmentally determined geometnc factor which was 
referred to m connection with the capacity of three-core cables ^ 

Since the final temperature rise of a cable under given condi- 
tions will be very nearly proportional to the square of the current, 

P = Kt 

1 Refer to paper by D M. Simons, Troms A I E,E , p 608, 1923, 
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and if the temperature use is known for a given current Ji, 
the value of the constant K can be determined, and the tempera- 
ture rise with any other current I 2 will be approximately 



The curves of Fig 136 show not only the final temperature rise 
attained by three-core paper-insulated power cables drawn in 
iron pipes underground, but also the time required to bring about 
any particular rise in temperature The vertical scale indicates 
degrees Fahrenheit above an initial temperature of 57° while 
the horizontal scale gives the hours during which the current has 
been on the cable The cross-section of each core of this cable 
IS 0 25 sq m , and the tests were made with current densities 



Fig 130 — Tomporaiuro nso of 33 kv 0 25 sq in three-phase, paper insulated, 
load-covorod cables m iron pipes laid 12 in apart 3 ft below ground surface 


of 1,000 and 1,200 amp per square inch, the frequency of the 
supply being 50 The value of the constant K in the expression 
P = Kt as calculated for I = 250 amp is 1,330, whence the cal- 
culated temperature rise for 300 amp is 67 6°F which is somewhat 
higher than the observed rise of 62° as one would expect it to be 
No appreciable rise of temperature was observed with the full 
working voltage on the cable without load In other words, 
the dielectric losses were not of such magnitude as to add appre- 
ciably to the heating caused by the PR losses in the conductors 
146 . Reliability of Cable Systems. Joints. Electrolysis. — 
Apart from mechamcal injury, which must be guarded against 
by giving attention to the method of laying and to the handhng 
of the cables during their mstallation, trouble can usually be 
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traced (1) to poor joints, (2) to general or local ovei heating, and 
(3) to electrolysis 

Joints — Even when the trouble is caused by overheating 
rather than initial weakness of insulation, this frequently occurs 
in the neighborhood of poorly made joints A considerable 
amount of skill is necessary m making satisfactory joints on high- 
tension underground cables, and the difficulty experienced in 
obtainmg skilled and reliable workmen has led to the development 
of designs employing special msulating spacers and accurately 
made metal sleeves or bridge pieces, which depend less upon the 
skill and experience of the jomter than the older methods mvolv- 
ing paper or tape wrappings 

Careful bonding of the lead sheath is also a matter of consider- 
able importance if electrolytic troubles are to be avoided, and 
this IS provided for m the design illustrated by Fig 137‘ which 
shows a joint box, for 33,000-volt three-core cables The special 
jomting ferrules are designed with curved surfaces so shaped as to 
avoid concentration of stress, and thoroughly vitnfied unglazed 
porcelam spacers are used between the cables in order to ehminate 
wrappmp of tape or paper The cast lead sleeve forming the 
bond between the lead sheathings is made m three paits to facih- 
tate assembly A high grade of msulatmg compound is poured 
inside the lead sleeve forming the bond between the lead shnnt.hTn gp, 
while bitumen may be used m the space between the lead and the 
outer case of cast iron 


An mterestmg article on high-tension cable jomts appealed in 
the Electned World (vol 85, p 1313), June 20, 1925 Figures 
138 and 139 are reproduced, by permission, from this article The 
former shows a joint of Bntish design (W T Henley’s Telegraph 
Works Company, Ltd ) for 36,000-volt three-phase cables installed 
in Chicago Figure 139 is a j'omt of Italian design (Societh Itah- 
ana PireUi) for single conductors used on 46,000-volt three-phase 
system m New York. 

An illustrated description by H L Wallan of the jomts used 
by the Cleveland Electric Illununatmg Company on their 
66,000-volt, three-phase underground transmission, namg smgle- 
eore cables, wiU be found m the Electned World of Nov 24, 1923. 
A large number of these jomts have now been m use for over 2 
years 


I Design of W T Glover and Company, Manchester, England 
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137 — Joint for 33 kv three-core cables 
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Overheating — ^Apart from the damage done to the insulation 
by very high temperatures, it is generally true that the dielectric 
loss mcreases with the temperature, and this is especially notice- 



able with paper-insulated cables It is nevertheless important 
to operate underground cables at a reasonably high current 
density , otherwise the interest on capital expenditure will be 
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greatly in excess of the annual cost of the losses, and the system 
will be economically unsatisfactory The engineer is, therefore, 
faced with a problem of considerable magmtude of underground 
transmission is to be adopted on a larger scale than at present 
General or local overheating of cables is perhaps the chief cause 
of service interruptions on underground systems, yet a hberal 
cross-section of conductor can hardly be considered as the proper 
solution of the problem Attention to all the causes that may 
lead to local overheating is very important, but the matter is not 
one that lends itself to lengthy discussion in these pages 

Electrolysts — Chemical action, unassisted by electric currents, 
very rarely injures the lead sheath of underground cables, but 
electrolytic corrosion of the lead covering, resulting in per- 
forations and damage to the insulation by the admission of 
moisture, is not uncommon An underground cable laid within 
a few feet of an electric railway or car line, is liable to electrolysis, 
but in countries, such as England, where rules governmg the 
maximum permissible potential difference between current- 
carrying rails and ground are rigidly enforced, trouble due to this 
cause IS very rare Perfect bonding of the lead sheath and 
also of the steel armoring, if provided, will be helpful in prevent- 
ing trouble which otherwise might be experienced 

Leakage of current from the cables themselves, due to careless 
work and inefficient seahng at pomts where connections are 
made is another cause of electrolytic corrosion in underground 
distributing systems 

Electrolysis of lead and iron buned m the ground is usually 
caused by stray currents from electrically operated railroads or 
street-car hnes which use contmuous currents The effects of 
alternating currents of frequencies between 15 and 60 cycles is 
practically neghgible, being least with the highest frequency 

The actual amount of metal carried away from the surface 
of the anode (usually lead or iron) will depend not only upon the 
surface exposed and the density of the stray currents which 
cause the corrosion, but also on the nature of the soil and whether 
it IS usually moist or dry A contmuous flow of lamp from the 
lead sheathmg of an underground cable will, m the course of a year, 
remove about 74 lb of lead which will be carried away m the 
form of salts in solution 

The reader who desires to mvestigate more fully the subject 
of electrolytic corrosion is referred to the important contribution 
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by McCollum and Ahlboin ^ Their papei includes refeiences 
to the work of previous investigators and brings out very cleaily 
the impoitance of reversing the direction of the curients through 
the ground, even if the penod of such reversal is measurable 
in hours or days The shiftmg of loads on electric railway 
systems in cities usually produces large areas, called neutral 
zones, where the polarity of underground pipes reverses at more 
or less frequent mtervals Even when such intervals of reversal 
range from several minutes to 1 or 2 hours, the coirosion due to 
electrolysis is found to be less than would be expected if attrib- 
uted to the average amount of current discharged from the pipes 
into the earth It would seem as if the reversal of current actu- 
ally causes metal to be redeposited on the corroded portions, 
even after the pipes have acted as anodes during a considerable 
lapse of time The redeposited metal will probably have little 
effect in strengthening the pipe mechanically, but it will serve 
as an anode surface durmg the succeeding period of current dis- 
charge, and thus protect the uncorroded metal beneath, which 
otherwise would have been attacked This action, due to com- 
paratively slow reverals of current, will be interfered with by 
circulation of the electrolyte, and the action of air (oxygen and 
carbon dioxide) on the corroded metal 

Attempts to reduce the effects of electrolysis by means of 
insulating wrappmgs, varnishes, etc on the outside of the lead 
sheath have not been successful, mdeed there is always the possi- 
bihty that when a discharge of current does occur, this will be 
localized, with the result that failure at some particular point 
may occur sooner than if the leakage had been distributed over 
a larger area of the lead covering A commonly adopted means 
of mitigatmg the effects of electrolysis consists in providing 
metallic connections known as drainage cables or bonds from a 
number of pomts on the lead sheathmg of the power cable to the 
return rail or negative bus-of the street railway or othei system 
which IS the cause of the trouble 

1 McCollum, B, and Ahlbokn, G H, “Influence of Frequency of 
Alternating or Infrequently Eeversed Current on Electrolytic Corrosion,” 
Technological Paper 72, Bureau of Standards, Washington 
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Concrete poles, weight of, 183 
Condenser installations (economic 
considerations), 69 
plate, 199 

Condensers m senes, 199, 205, 209 
for power factor control, 67 
for protection against high-fre- 
quency surges, 323 
static, descnption of, 326 
synchronous, 278, 285 
Conductance, shunted leakage, 287 
Conductor matenals (physical con- 
stants), 73, 77, 80 
Conductors (/See also Cables 
Wires ) 

overhead, aluminum, 74, 76 
bronze, 76 
copper, 73, 77, 81 
copper-clad steel, 75, 77 
cost of, 47, 360 
deflection of {See Sag ) 
economic size of, 47, 48, 53 
electrostatic capacity of, 19, 
256, 260, 265, 292 
equivalent spacing of, 30, 250 
height of, above ground, 169, 
233 

iron or steel, 74, 77, 244 
jomts in, 82 
losses in, 54> 55, 63, 300 
reactance of, 19, 75, 243, 259 
resistance of, 77, 81, 234 
sag in, 83, 87, 90, 93, 95 
spacing of, 31, 231, (equivalent), 
250 

steel-cored, 76, 78, 80, 124 
stresses in, 83 
transposmg, effect of, 249 
weight of, 77, 80, 81 
zmc, 244 

Constant voltage transmission, 279, 
303 

Continuous currents, transmission 
by, 7, 351 

Copper-clad steel conductors, 75, 77 
conductors, 73, 77, 81 
Corona, 205, 307 
as “safety valve,” 311 
power loss due to, 310 


Costs (Refer to subject or item ) 
Critical temperature (sag-temper- 
ature calculations), 135 
voltage (corona), 308, 310 
Cross-arms, 140, 143 

D 

Deflection (See Sag, Poles, 
Towers ) 

Depreciation, 56, 58, 60 
Dielectric constant, 197, 385 
flux, 196 
strength, 197 

Direct-current transmission, 7, 351 
Disruptive critical voltage, 308, 310 
gradient, 197, 207 
Dubilier condensers, 326 

E 

Earth as return conductor, 359 
Earthmg (See Grounding ) 
Economic considerations, 4, 6, 35, 
36, 69 

IB drop, 50, 64 
length of span, 168 
size of conductor, 47, 48, 53 
transmission voltage, 52, 57, 61 
Efficiency of transmission hne, 7, 22 
Elastance, 200, 204 
Elastic hmit of conductor materials, 
74, 77, 80 

modulus, 78, 79, 118 
Electric stress (potential gradient), 
198, 202, 204, 308 
Electrolysis, 402, 405 
Energy losses (See Losses ) 
stored in electrostatic and mag- 
netic fields, 314 
Equivalent span, 137 
spacmg of conductors, 30, 250 

F 

Factors of safety ^iSee Safety fac- 
tors ) 

Farad, 196 
Farm Imes, 31 
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Faults, detection of, 345 
Flash-over voltage, 200, 207, 213, 
215, 220, 309 

Flexible steel towers, 164, 170 
Flux, dielectric, 196, 199 
magnetic, surroundmg overhead 
conductor, 240, 249, 254 
Footings (foundations) for steel 
towers, 182, 183 
cost of, 42 

Four-wire three-phase system, 32 
Frequency, usual, 14 

G 

Garton-Damels hghtnmg arrester, 
337 

Glass insulators, 194 
Grounding, methods of, 330 
neutral point, 15, 322, 331 
Guard wires, 165, 320 
Guymg steel towers, 189 
wood poles, 154 

H 

Hewlett suspension insulator, 215 
Horn-gap hghtnmg arrester, 328 
Hydro-electric generatmg stations, 
cost of, 58 

Hyperbohe functions of complex 
quantities, 290 

I 

Ice and snow, effects of, on wires, 4, 
106, 107 

and wind (loading factor), 133 
Impedance, fictitious, of long lines, 
304 

surge, 290, 315, 318 
Inductance of transmission hnes, 8, 
239, 247, 250 
(iron wire), 245 
Inferred absolute zero, 235 
Insulating bushmgs, 203 
Insulation of transmission Ime 
(A C andD C compared), 358 
Insulator pins, 213 


Insulators, Ime, 194 
cost of, 42 
design of, 195, 203 
electrostatic capacity of, 195, 
217 

factors of safety, 229 
faulty, locatmg, 230 
flash-over voltages, 215, 230 
glass, 194 

manufacture of, 227 
mechanical strength of, 34, 214, 
222, 228 
pm type, 209 
testmg, 229 
ties for, 82 
weight of, 173, 214 
suspension type, 213 

electrostatic capacity of, 
217 

grading, 222, 225 
strength of, 214, 222, 228 
weight of, 214 

Interconnection of generatmg sta- 
tions, 2, 16 

Intersheath” (Insulated cables), 
377, 390 

Iron for overhead conductors, 74, 
77, 244 

(skm effect), 74, 245 

J 

Jeffery-Dewitt suspension msulator, 
215 

Jomts m msulated cables, 402 
m overhead conductors, 82 

K 

Kelvm's law, 49 

L 

Leakage distance over surfaces, 207 

Life of (Refer to subject or item ) 

Lightnmg arresters, 328 
alummum cell, 338 
autovalve, 337 
Garton-Damels, 337 
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Lightning arresters, horn gap, 328 
multiple gap, 330 
oxide film, 339 

resistance m ground connection, 
330 

spacing between, 319, 331 
protection (general), 318, 323, 
341 

Load factor, 47 

Loading factor for wires (curves), 
113, 114 

calculation of, 115, 133 
of overhead wires, 110, 112 
Losses in transmission lines, 6, 12, 
54, 63, 295, 300 

M 

Malone anchor, 188 
Masts, steel (See Poles ) 
Meirowsky condenser, 326 
Modulus of elasticity, 78, 79, 118, 
183 

Mosciki condenser, 326 
Motor, synchronous for power fac- 
tor correction, 278 
Multiple gap hghtnmg arrester, 330 

N 

Natural impedance, 315 
Neutral point, grounding of, 15, 322, 
331 

0 

Opening, wall, to admit h t wires, 
208 

Overhead transmission (See Trans- 
mission ) 

Oxide film lightning arrester, 339 
P 

Permittance, 196, 257 
m terms of mductance, 259 
of insulated cables, 385, 392 
Permittivity (Dielectric constant), 
197,385 


Petersen coil, 331 
Pm type insulators, 209 
Pms, insulator, 213 
Pole hues, wood, 139, 140 
cost of, 44 
Poles, concrete, 156 
steel, 161, 166 

wood, and '‘H” type, 142, 
151 

cost of, 42 
deflection of, 151 
elasticity of, 147 
guying, 154 
holes for, 153 
hfe of, 144 

load on, at comers, 154 
preservative treatment of, 144 
spacmg of (See Span ) 
at comers, 153 
strength of, 147 
weight of, 146 
Potential gradient, 198, 202 

(concentnc cyhnders), 204, 205 
(surface of wires), 308 
Potheads (Cable termmals), 382 
Power factor, 12, 22 
causes of low, 277 
control of, 38, 67, 276 
effect of, on losses, 67, 68 
of several circuits in parallel, 
269 

Power losses (See Losses ) 
Prelimmary work, planiung new 
Imes, 4, 37 

Pressure (See also Voltage ) 
at intermediate points on trans- 
mission Ime, 255 
barometnc, 309 
control, 274, 279 

drop m overhead hnes, 10, 22, 246, 
252 

economic, 50 
reactive, 242, 244 
nse on long hnes, 272 
wind, on wires, 108, 115 
Pressures, transmission Ime, usual, 
15, 31 

Propagation constant (defined), 290 
Props or struts (wood), 156 
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R 

Reactance (Refer also to Induc- 
tance ) 

in ground connection, 332 
of insulated cables, 386 
of overhead conductors, 19, 75, 
243, 259 

Reactive factor (sin 27, 28 
Reactors, synchronous, 278, 285 
Regulation, voltage, 21, 24, 54 
inherent, 246, 251, 272 

compared with drop of pres- 
sure, 271 

Resistance m ground connection, 
329 

of cable msulation, 385 
of conductor materials, 77, 81, 234 
of the earth as a return conductor, 
359 

tables, 77, 81 

Roof bushings or outlets, 203, 207 
Rotary converters, 278, 285 

S 

Safety factors, line insulators, 229 
tower foundations, 185 
towers, 178 
wires, 81, 111 
wood poles. 111 

Sag (deflection) of overhead wires, 
83, 95 

-tension calculations, 84, 87, 93, 
100 

-tension-temperature calculations, 
117, 123, 127, 129 
Service, contmuity of, 5, 345 
Single-phase transmission, 8, 23 
Skm effect, 9, 74, 236, 245, 343 
Slenderness ratio (steel columns), 
178 

Smith, Prof. H B , design of insula- 
tor, 216 

Snow on wires (See Ice ) 

Spacmg, equivalent, of conductors, 
30, 250 

of overhead conductors, 31, 231, 
247 


Span, length of, 14, 31, 39, 140, 163, 

ie» 

at comers, 153 
economic, 168 
equivalent, 137 
greatest possible, 103 
Spans, extra long, 95, 102 
unequal, effect of, on tension, 135 
Specific inductive capacity (dielec- 
tric constant), 197, 385 
Stability of transmission systems, 

353 

Static charges on overhead lines, 321 
shields on suspension insulators, 
225 

Steel-cored conductors, 76, 78, 80, 
124 

Steel towers (See Poles, Towers ) 
Struts, wood, 156 
Submarine cables, 373 
Substations, 16 

Supports for overhead wires, 39, 139 
(See also Poles, Towers ) 
at different elevations, 90 
determiiung position of, 191 
Surface leakage, 201, 207 
Surge admittance (definition), 298 
impedance, 290, 315, 318 
Surges, high-frequency, protection 
against, 323 

Susceptance, shunted capacity, 287 
Swinging of wires in high wind. 111 
Switching operations, disturbances 
due to, 316, 319 

Synchronous condensers, 278, 285 
T 

Telephone hnes, protection of, from 
inductive effects, 346 
Temperature coefficient of expan- 
sion, 77, 80 
of resistance, 234 
“cntical,’’ 135 

effect of on sag, 117, 123, 127, 129 
Tension m relation to sag, 84, 87, 93, 
100, 135 

Three-phase systems, 10, 28, 32 
Thury system of d c transmission, 

354 



412 


ELECTRIC POWER TRANSMISSION 


Tie lines, 10 
Ties on insulators, 82 
Tower foundations, 182, 183 
cost of, 42 

Towers, determining position of, 191 
steel, 164, 168 
cost of, 41 
design of, 175, 179 
factor of safety, 173, 178 
flexible, 164, 170 
guymg of, 189 
height of, 40, 41 
hfe of, 139 

loads to be earned by, 172 
stiffness of, 183 

stresses m compression mem- 
bers of, 176, 181 
weight of, 41 
wmd pressure on, 173 
wood, 143 

Transient phenomena, 312 
Transmission by alternating cur- 
rents, 9, 10, 28, 32, 351 
constant voltage, 279, 303 
contmuous currents, 7, 351 
hnes, calculations for long, 265, 
286, 292 
cost of, 43 
efficiency of, 7, 22 
mductance of, 8, 239, 245, 247, 
250 

layout of, 190 

losses m, 6, 12, 54, 63, 295, 300 
voltage regulation of, 21, 24, 54, 
246, 251, 272 
smgle-phase, 8, 23 
three-phase system of, 10, 28, 32 
Transposmg conductors, effect of, 
249 

Transverter, 368 

Tngonometnc functions of angles, 
28 

Tubes for tower members, 178 
Two-phase transmission, 9 


U 

Underground cables (See Cables ) 
V 

Vibration, mechanical, of overhead 
wires, 83 

Visual critical voltage (corona), 309 
Voltage (See also Pressure ) 
abnormal on overhead lines, 312 
advantage of high transmisbion, 
1,6 

economic transmission, 52, 57, 61 
spark-over, between wires, 309 
usual transmission, 15, 31 

W 

Wall outlets, 204, 209 
Water power generating stations, 
cost of, 58 

Wmd pressure on wires, 108, 112, 115 
velocity, 109, 126 
Wire, length of, in span, 100, 117 
Wires (See also. Cables, Conduc- 
tors ) 

factors of safety, 81, 111 
grounded guar^ 165, 320 
guy, 154 

loadmg factor, 112, 115, 133 
load to be carried by (usual 
assumptions), 110 
swingmg of, in high wmd, 111 
vibrations in, 83 
weight of, 77, 80, 81 
Wire table, 81 
Wood poles (See Polos ) 

Y 

Young's modulus of elasticity, 78, 
79, 118 

Z 

Zme for overhead conductors, 244 






